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ABSTRACT
LOW-PROFILE, MODULAR, ULTRA-WIDEBAND
PHASED ARRAYS
SEPTEMBER 2011
STEVEN S. HOLLAND
BSEE, MILWAUKEE SCHOOL OF ENGINEERING
MSECE., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Marinos N. Vouvakis
Ultrawideband (UWB) phased antenna arrays are critical to the success of future
multi-functional communication, sensing, and countermeasure systems, which will
utilize a few UWB phased arrays in place of multiple antennas on a platform. The
success of this new systems approach relies in part on the ability to manufacture and
assemble low-cost UWB phased arrays with excellent radiation characteristics.
This dissertation presents the theory and design of a new class of UWB arrays that
is based on unbalanced fed tightly-coupled horizontal dipoles over a ground plane.
Practical implementation of this concept leads to two inexpensive wideband array
topologies, the Banyan Tree Antenna (BTA) Array, and the Planar Ultrawideband
Modular Antenna (PUMA) Array. The key challenge in designing unbalanced-fed
tightly-coupled dipole arrays lies in the control of a common mode resonance that
destroys UWB performance. This work introduces a novel feeding strategy that elimi-
nates this resonance and results in wideband, wide-angle radiation. More importantly,
viii
the new feeding scheme is simple and intuitive, and can be implemented at low-cost in
both vertically and planarly integrated phased array architectures. Another desirable
byproduct of this topology is the electrical and mechanical modularity of the aper-
ture, which enables easy manufacturability and assembly. A theoretical framework
is presented for the new phased array topologies, which is then applied to the design
of infinite BTA and PUMA arrays that achieve 4:1 and 5:1 bandwidths, respectively.
A practical application of this technology is demonstrated through the full design,
fabrication, and measurement of a 7.25-21GHz 16×16 dual-polarized PUMA array
prototype for SATCOM applications.
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CHAPTER 1
INTRODUCTION
1.1 Problem Statement
This work develops a new class of low-cost, high-performance ultra-wideband
(UWB) arrays for use in communication systems [1], radars [2], radio telescopes [3],
power combiners [4], and, in particular, multifunctional systems, [5,6]. Despite signifi-
cant research effort over the years, traditional UWB array technologies remain expen-
sive, complicated to fabricate, and difficult to conformally integrate with mounting
platforms, such as airframes, vehicles, and ships. Their fabrication is very difficult to
scale to frequencies above Ku-band, and many of these arrays require external wide-
band baluns/hybrids that complicate integration with the system electronics. As a
result, these arrays are too expensive for commercial applications and are typically
limited to lower frequency bands (L-, C-, and X-bands) for defense applications. This
compromise between cost/complexity and achievable instantaneous bandwidth can be
best visualized in Fig. 1.1, which shows the cost/complexity vs. instantaneous band-
width design space. Low-cost, printed microstrip patch arrays [7] are narrowband and
are situated at one extreme, while expensive, vertically-integrated Vivaldi arrays [8]
that offer very wide bandwidths are situated at the other extreme. There exists a
clear gap (need) in this design space, namely an array located in the bottom-center
with low-cost/complexity and wide bandwidth. The Banyan Tree Antenna (BTA)
array and the Planar Ultrawideband Modular Antenna (PUMA) array topologies in-
troduced in this work fill this void and represent a new state-of-the-art in low-cost
UWB antenna array technology.
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Figure 1.1. Cost/complexity vs. bandwidth trade-offs encountered with typi-
cal phased arrays. (a) Qualitative cost/complexity vs. instantaneous bandwidth
trade-off. (b) Quantitative instantaneous bandwidth (fractional bandwidth, %BW=
fhigh−flow
fmid
) comparison of a low-cost patch array and a state-of-the-art Vivaldi array.
1.2 Significance
Future Naval platforms will use multifunction systems, [5, 6], which consolidate
communication, radar, electronic warfare (EW), global positioning system (GPS),
etc., sub-systems into a single aperture. This novel design paradigm saves precious
platform real estate and reduces the platform’s cost and radar cross section (RCS).
This concept is sketched in Fig. 1.2, which portrays a multi-function apertures si-
multaneously supporting various tracking radars and communication systems. These
systems attempt to consolidate a large number of antennas into a single or a few
UWB phased arrays (apertures), which must simultaneously support the indepen-
dently scanned beams of a wide range of systems, as shown in the conceptual system
block diagram of Fig. 1.3. A major challenge to the success of these systems has been
the lack of low–cost UWB arrays capable of meeting such demanding performance
requirements.
Besides the high demand for use in multi-function systems, UWB arrays are impor-
tant for high-resolution radar systems used for military applications [10], breast can-
2
Figure 1.2. Conceptual multifunction array application, serving multiple indepen-
dent radar systems, [9].
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Figure 1.3. Conceptual system block diagram of a multifunctional system with
a single UWB array serving: weather radar, high-resolution radar, tracking radar,
GPS, land-based communication, high-throughput communication, and Ku- and X-
band SATCOM systems. Each system has an independently steered beam.
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cer screening [11], through-wall imaging [12], and automobile collision avoidance [13].
Software defined radio systems, [14], have agile switching between various modulation
schemes and operating bands and demand apertures with wide instantaneous band-
widths that can support this operation. There are also UWB radio systems [15, 16]
that utilize high data rates and frequency diversity in order to avoid fading.
In addition to serving these established UWB systems, the low-cost UWB array
technologies proposed in this work seek to open up a new arena of commercial appli-
cations, which traditionally could not afford the high-cost of UWB arrays. Wireless
base stations could benefit from apertures that support both current and conceivable
future frequency standards. Finally, these low-cost arrays offer a new design paradigm
where a single “one-size-fits-all” UWB array could be developed to cover all of the
bands utilized in a company’s narrowband intellectual property (IP) portfolio and
then be used in each one of these devices (with appropriate filters to limit noise).
This concept is illustrated in Fig. 1.4, where a conceptual, idealized UWB array’s
wide (26:1) instantaneous bandwidth could cover a wide range of devices: satellite
radio, GPS, cell phones, Wi-Fi, and a myriad of satellite bands.
1.3 Literature Review
To provide context, a brief overview of important, currently available UWB ar-
chitectures is provided that groups the arrays into three UWB classes: vertically-
integrated, “quasi-planar,” and fully planar technologies. This review is by no means
complete, thus some works may be unintentionally omitted, but it attempts to cap-
ture the most prominent trends in this area of UWB arrays. The section concludes
with an overview of wideband baluns, since they are required in most other UWB
arrays, yet are plagued by serious practical challenges (often conveniently glossed-
over) that should be emphasized at the outset—in fact, these challenges inspired the
development of an alternative, unbalanced feeding scheme that is introduced in this
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Figure 1.4. Conceptual sketch of the active VSWR of an idealized 26:1 BW UWB
array, overlaid with multiple commercial and government frequency bands.
work. It will become clear that none of these technologies can offer wide bandwidth
performance at low-cost and complexity, leaving a void that this research aims to fill.
1.3.1 Vertically-Integrated UWB Arrays
1.3.1.1 Tapered Slot Arrays
One of the most popular wideband arrays is the tapered-slot (notch) array (TSA)
[17–19], which has been utilized in many UWB systems. Extensive work spanning
three decades has resulted in arrays that achieve low VSWR over bandwidths in excess
of 10:1 (fhigh:fow) at wide scans [20,21]. An exponentially flared, end-fire (Vivaldi) el-
ement is shown in Fig. 1.5(a), which has a smooth, exponentially varying impedance
transition from a narrow to a wide slot. One of the key features of TSAs is the Knorr
balun [22], which provides an integrated wideband transition from an unbalanced
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stripline to the balanced slot, allowing each element to connect directly to an unbal-
anced 50Ω feed interface. Despite excellent impedance performance, wideband TSA
Input
Metal 
Ground
End-Fire
Radiation
Knorr Balun
Radiating Slot
W
H
...
...
(a) (b)
Figure 1.5. The tapered-slot “Vivaldi” array. (a) Typical notch element, showing
metal ground planes and integrated Knorr balun. (b) Exemplary fabricated 8×9 dual-
pol, dual-offset (egg-crate) Vivaldi array operating over 1-5GHz (5:1 bandwidth) [23].
arrays consist of deep, vertically-integrated elements. The bandwidth B of a TSA
element is proportional to its depth, based on the relationship B =
fhigh
flow
= 2H
W
, [8];
for example, assuming an element spacing and width W = λhigh/2 (where λhigh is
the wavelength at the highest frequency), a depth H = 2.5λhigh is needed for a 10:1
bandwidth and a depth H = λhigh/2 (the typical depth of other UWB arrays) yields
only a 2:1 bandwidth. These high-profile elements produce high cross-polarization
levels when scanned along the diagonal plane, [24, 25]. Additionally, the elements
must be electrically connected to avoid resonances [26]. In single-pol arrangements,
this is easily accomplished by printing elements on continuous PCB sheets, but in
dual-polarized arrays on an egg-crate lattice, the elements must be carefully soldered
together along the large depth of these elements at each corner of the egg-crate, result-
ing in non-modular, complicated dual-polarized arrays, as shown in Fig. 1.5(b), that
are often expensive to manufacture and assemble. Due to the mechanical tolerances
on the mechanical and electrical connection between neighboring elements, these ar-
rays are difficult to fabrication above Ku-band. Modular TSA designs have been
proposed, such as the body-of-revolution (BOR) elements [27], the Mechanotch [28],
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all-metal TSA [29], or the electrically short crossed-notch (ESCN) array [30], but
rely on special machining and are difficult to implement at high frequencies (above
X-band).
1.3.1.2 Dipole-Like UWB Arrays
Several dipole-like elements have been developed as low-profile and modular al-
ternatives to TSA arrays and consist of vertically integrated PCB cards backed with
a ground plane. These low-profile (depth < λhigh/2, independent of bandwidth) ele-
ments maintain low cross-polarization when scanning along the diagonal plane and do
not require electrical connection between neighboring elements, thus are mechanically
and electrically modular. The dipoles are often tapered vertically from narrow feed-
lines, providing an integrated tapered impedance matching section that helps match
the elements to 50Ω. One such element is the Antipodal Vivaldi Antenna (AVA) [31],
which, in an effort to reduce cross-polarization levels, was further developed into the
Balanced Antipodal Vivaldi Antenna (BAVA) [32, 33], with the unbalanced feeding
as shown schematically for the tapered dipoles in Fig. 1.6(a). In practice, these ele-
ments consist of a tri-plate, stripline construction that forms the dipole arms. Each
element has one unbalanced-fed dipole arm and a second arm connected directly to
the ground plane, thus these elements connect directly to standard unbalanced inter-
faces. However, this feed arrangement has serious drawbacks; Elsallal, [34], identified
a catastrophic common-mode resonance in 2D arrays of BAVA elements, shown in Fig.
1.6(c) as a large spike in the unbalanced-fed tapered dipole VSWR near 5.5GHz, that
limits the bandwidth of AVA and BAVA arrays to approximately an octave of band-
width. In response, he developed a new mirroring technique that alternately rotates
elements 180◦ in the E- and H-planes of the array, referred to as the Doubly-Mirrored
BAVA (Dm-BAVA), and is shown schematically for the tapered dipole elements in
Fig. 1.6(b). This orientation of the elements was shown to suppress the excitation of
7
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Figure 1.6. Vertically-integrated tapered dipole array examples. (a)Unbalanced
feeding. (b) Doubly-mirrored feeding. (c) Broadside infinite array VSWR compari-
son of single-polarized unbalanced-fed tapered dipole array and doubly-mirrored fed
tapered dipole arrays.
the catastrophic resonance. Bandwidths up to 5:1 were reported [34], but the mod-
ular, low profile elements require external wideband hybrids or baluns in the feed
network to maintain beam collimation. Recently, a BAVA array [35] with capacitive
U–channel, 3D metal posts between elements has been presented that achieves close
to 10:1 without an external wideband balun. This is achieved via capacitive-coupling
through the the U–channel posts, which could be thought of as variations on the
shorting strip common-mode suppression scheme introduced in Chapter 3. In ad-
dition to capacitively connecting the fins to the ground plane, the U–channel posts
increase the capacitive coupling between elements, thus lowering the low-frequency
end of the band.
Similarly, the bunny ear element was also proposed [36, 37] as a modular, low-
profile alternative to the TSA element and has demonstrated bandwidths up to 5:1
(this design is shown in Fig. 1.7), though only when fed through an external wide-
band balun/hybrid. Additionally, to avoid resonances, these arrays connect neigh-
boring elements together or, alternatively, connect elements to the ground plane [38]
with chip resistors, which decreases efficiency and power handling, and complicates
assembly. Though these arrays do not require electrical connection between neigh-
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boring elements, as in the TSA arrays of Section 1.3.1.1, the vertical integration
is complicated—particularly for dual-pol applications—and is difficult to implement
above Ku-band.
Figure 1.7. A dual-polarized 5:1 bunny ear array operating over 1-5GHz, [37].
1.3.2 Planar “Wideband” Arrays
Vertically-integrated arrays are difficult to integrate in dual-polarized arrange-
ments at higher frequencies, thus fully-printed, planar wideband topologies are desir-
able, particularly for conformal applications. Microstrip patch arrays, [7], are fully
planar since both the array elements and probe or aperture-coupled feeds are fabri-
cated at low-cost using simple planar microwave PCB technologies. However, these
arrays offer limited bandwidths that exclude them from use in ultrawideband (UWB)
systems, which is why they are referred to as “wideband” (in quotation marks) in
this dissertation. The largest bandwidths have been obtained from stacked patch
arrays, shown in Figs. 1.8(a) and (b), which are limited to approximately 20% frac-
tional bandwidths (%BW=
fhigh−flow
fmid
), [39, 40]. Alternatively, dielectric resonator
arrays (DRA), [41, 42], have a similar fabrication complexity and are comprised of
arbitrarily shaped 3D dielectric slabs attached to a substrate. DRA arrays have
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Figure 1.8. Cross section of planar “wideband” arrays. (a) Stacked microstrip
patch array fed with a coaxial probe. (b) Stacked microstrip patch array fed with
an aperture-coupled microstrip line. (c) Dielectric resonator antenna (DRA) array
fed with a coaxial probe. (d) Dielectric resonator antenna (DRA) array fed with an
aperture-coupled microstrip line.
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demonstrated comparable fractional bandwidths, up to approximately 22% [42], and
probe and aperture-coupled fed examples are shown in Figs. 1.8(c) and (d). These
arrays cannot provide the high bandwidths appropriate for UWB applications. In
response, several “quasi-planar” arrays have been published that attempt to achieve
wideband operation with the simple printed fabrication of the patch array, and are
discussed next.
1.3.3 Quasi-Planar UWB Arrays
1.3.3.1 Tightly–Coupled Dipole UWB Arrays
Whereas patch arrays and other panar “wideband” arrays attempt to achieve
bandwidth by reducing the mutual coupling between neighboring elements, Munk [43]
introduced a new paradigm shift with his tightly coupled dipoles, which rely heavily
on the mutual coupling to obtain very wide bandwidths. This paradigm is similar
to the design principles of other UWB arrays, such as the TSA, but the operational
principles and planar implementation are completely different. The tightly coupled
dipole array, [43, 44], cleverly realizes Wheeler’s current sheet, [45], using printed
tightly-coupled horizontal dipoles above a ground plane to achieve bandwidths of 9:1
with a printable element layer (element spacing = λ/2 at fhigh) and multiple dielectric
superstrates. This radiating layer consists of simple dipoles capacitively coupled at
their ends via interdigited capacitors. Fig. 1.9(a) shows a single-pol prototype element
layer operating over 2-18GHz, and an inset image shows the interdigited capacitor
between the dipole arms. A 6×3 dual-polarized UHF band prototype utilizing a
concentric-phase (coincident phase) lattice is shown in in Fig. 1.9(b). The operating
principle of tightly-coupled dipole radiation above a ground plane is identical to the
operating principle of the PUMA array in this work, but as it will become clear in later
sections, the dipole feeding, dipole dual-polarized arrangement, capacitive coupling
mechanisms, and material stackup are different between the two arrays.
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(a) (b)
Figure 1.9. Current Sheet Arrays (CSA), [46, 47]. (a) Single-polarized 2-18GHz
array with inset close-up of interdigited capacitor between neighboring dipoles. (b)
6×3 dual-polarized UHF prototype operating over 0.1-1GHz. (note: array edges are
terminated using printed side panels, but the space beneath the array consists of air
and vertical feed lines shielded by feed organizers).
Alternative tightly-coupled dipole arrays have been recently suggested and in-
clude dipoles with “ball-in-cup” capacitor arrangements, [48, 49], which attempt to
offer additional tuning degrees of freedom and has demonstrated bandwidths of 1.5:1
(8-12.5GHz) and scanning out to 60◦; this wide scanning is achieved by oversam-
pling the aperture (element spacing = λhigh/3). An interesting modification of the
tightly-coupled dipole array was recently presented in [50,51], where the arms of the
dipoles were extended and inter-weaved to increase capacitive coupling and thus lower
the low-frequency band edge. The resulting interleaved-spiral array has achieved a
simulated bandwidth of 10:1 at broadside, radiating CP only. To date, no data or
indication of its performance at scanning has been reported.
1.3.3.2 Connected UWB Arrays
As an alternative to the tightly-coupled dipoles, array apertures can be formed
from periodically fed (spacing ≤ λhigh/2) continuous sheets or slots that produce
a stable impedance over wide bandwidths when radiating in free space (without a
backing ground plane). These arrays were observed to have an approximately constant
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current across the array that results in a well-behaved input impedance with scan,
[52]. The ultimate UWB array is Wheeler’s idealized current sheet, [45], which has
a purely resistive input impedance without any reactance (essentially spacing the
“feeds” infinitesimally close together). Fragmented aperture arrays (FAA), [47], and
long slot arrays, [53–55], have been proposed as approximations to this ideal current
sheet, obtaining an ideally “infinite” fractional bandwidth from DC up through the
grating lob onset frequency (feed spacing = λ/2). However, these arrays radiate
bi-directionally and practical implementations require a backing reflector to produce
unidirectional radiation. When placed over a ground plane, resonances between the
backing reflector and the array limits the achievable bandwidth to approximately
4:1, [56, 57]. A practical implementation of a ground-backed dual-polarized long slot
array was recently presented by Levingston et. al, in [58]. The array is called the
“Thumbtack” array, and a 4:1 bandwidth design operating up to 2GHz is shown in
Fig. 1.10(b). Similarly, connected dipole arrays have also shown limited bandwidths
when placed over a ground plane, such as the low-profile array operating over 1.5-
2.7GHz (a 2:1 bandwidth) presented in [59]. To extend the bandwidth of these arrays,
emphasis has been placed on developing so-called “wideband ground planes”, that
use Jaumann screens or ferrite loading [60, 61], or elaborate structures using hybrid
electromagnetic band gap (EBG) and ferrite materials [60] that are placed between
the array layer and the ground plane. A dark-colored, lossy ferrite ground plane
is seen extending out laterally from behind the 10:1 long slot array shown in Fig.
1.10(a). However, these structures use materials that are lossy and decrease the
radiation efficiency (penalties of 2-3dB loss) and power handling of the array, and
decrease the array G/T . The Fragmented Aperture Array (FAA) [63, 64], is another
connected array that has been proposed and is shown in Fig. 1.11. The FAA aperture
consists of a sheet of connected elements arranged on a concentric-phase lattice and
has demonstrated up to 33:1 bandwidths when backed with lossy ground planes. The
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(a) (b)
Figure 1.10. Long slot array prototypes. (a) Single-pol array operating over 0.2-
2GHz (10:1 bandwidth), [62]. (b) Dual-polarized “Thumbtack” array operating over
0.5-2GHz (4:1 bandwidth), [58].
Figure 1.11. A dual-polarized Fragmented Aperture Array operating over a 33:1
bandwidth, [65].
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element shape is determined using genetic algorithms to optimize the performance,
though, remarkably, the optimized shape strongly resembles the dipoles of Munk’s
tightly–coupled dipole array, albeit with extra parasitic metal features.
Finally, self-complementary array structures have been investigated, [66], which
attempt to extend the broadband principles of single element self-complementary an-
tenna structures to array environments. Recently, Wang published preliminary results
of a “traveling wave” (TWA) connected array, a dual-polarized array comprised of
concentrically-fed log-periodic dipoles, [67], which the author claims has the potential
to achieve a 10:1 bandwidth. Though no details are provided on the treatment applied
to the ground plane, the difficulties of incorporating the ground plane are evident in
the measured broadside embedded element gain vs. frequency results, which exhibit
deviations of up to 6dB from the ideal aperture-limited gain at certain frequencies,
indicative of a lossy ground plane behind the array.
1.3.3.3 Feeding of Quasi-Planar UWB Arrays
While these technologies have made great strides in achieving wide bandwidths,
it is important to note that only the radiating aperture is planar, whereas the full
array—including the feed lines and radiating aperture—requires non-planar fabri-
cation and complicated assembly. As shown in Fig. 1.12, they require elaborate,
non-planar metal 3D “cable organizers” [46,68–71] between the ground plane and the
printed radiating aperture to shield the vertical balanced feed lines.1 This shielding is
critical in preventing E-plane scan-induced resonances on both connected and tightly-
coupled dipole arrays, [72,73]. In many array structures that do not use high–density
1The long slot and thumb tack arrays do not use a metallic feed organizer, but use similarly
complicated feeding schemes. The thumb tack array, in particular, has exhibited reduced gain at
particular wide-scan angles in the measured data of [58], which the paper conjectures is due to the
commercial hybrids used to feed the array. It is this author’s belief that this reduction in gain is
due to a lack of electrical shielding around the feed lines that allows the excitation of scan-induced
resonances, as described in Chapter 2, Fig. 2.3.
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Figure 1.12. Typical arrangement of “quasi-planar” array topologies. (a) Exploded
view of the array assembly. (b) Cross-section of array at the feed points.
dielectrics between the radiators and the ground plane, the feed organizers provide
mechanical and structural support since structurally weak low–density foam fills the
space between the array and the ground plane. In practice these feed organizers
are not simple cylinders, and instead have complex, carefully tuned shapes in order
to control the parasitic capacitive loading on the dipoles that is introduced by the
organizers, represented in Fig. 1.12(b) with lumped parallel-plate capacitors. The
feed organizers considerably complicate assembly since they must be mechanically
and electrically connected to the ground plane, often with solder or screws (shown in
Fig. 1.12(b)). Once secured to the ground plane, balanced feed lines are drawn up
through clearance holes in the organizer and, in an even more challenging fabrication
step, must be soldered to the radiators as shown in Fig. 1.12(b). Additionally, these
“feed organizers” are not realizable at frequencies above Ku-band, due to mechanical
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tolerances, and prevent modular assembly of the aperture.2 Finally, these arrays re-
quire external wideband baluns/hybrids to excite the balanced feed lines, a nontrivial
component that is discussed the next section.
1.3.4 Wideband Baluns
Despite such widespread use in the feed networks of UWB arrays, as in Sections
1.3.1.2 and 1.3.3, external wideband baluns could seriously impact the cost, perfor-
mance, and profile of the array. These devices are available in either passive or active
configurations, and, among other design challenges, possess an inherent set of trade-
offs that include bandwidth, insertion loss, common-mode rejection ratio (CMRR),
and size [74]. As mentioned previously, these drawbacks motivated the core contri-
bution of this work: unbalanced-fed planar UWB arrays that do not require external
wideband baluns.
1.3.4.1 Passive
Passive baluns have been very popular, as they are inherently bidirectional and can
be designed to handle high power levels, making them applicable to both transmit and
receive applications. Narrowband passive baluns are relatively small, such as a basic
Type I balun, [75, 76] (“bazooka”, sleeve balun), which consists of a single quarter-
wavelength long section that provides very low insertion loss over a bandwidth of
≈ 10%. Wideband variations have been developed, such as multi-section quarter-
wave transformer baluns [77–79] and the classic Type II, or Marchand/Roberts balun
[80–83], which have achieved bandwidths up to 10:1 [84]. However, these wideband
devices suffer from high insertion loss and amplitude imbalance in the range of 0.4-
2The only convenient module split plane occurs between the vertical feed lines and the metallic
feed organizers block this plane. This mainly applies to single-polarized arrays of this type, since
dual-polarized versions of these arrays use coincident-phase feeding which also prevents this plane
from being used to split the aperture into modules. Note that in the PUMA array of Chapters 4
and 5, there is no feed organizer and the array uses a dual-polarized dual-offset lattice, which allows
this array to be modularly split into tiles along the plane between the feed lines.
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1dB, and can be very large—on the order of a wavelength or more at the highest
operating frequency [78]. As a result, many UWB technologies that claim to be low
profile (≤ λhigh/2), such as the arrays of Sections 1.3.1.2 and 1.3.3, become quite
high-profile when fed by a passive balun. As shown in Fig. 1.13(a), the balun itself
may be twice as deep as the array layer, vastly increasing the array’s total profile.
Attempts at integrating passive baluns directly into low-profile UWB array form-
factors are limited to single-polarized arrays (due to limited space in the unit cell)
and have thus far shown limited bandwidths of ≤ 1.5:1, [48, 49,85].
 
Wideband 
Balun
>λhigh
λhigh/2...
...Unbalanced 50Ω Interface
(a)
 
λhigh/2...
...
Unbalanced 
50Ω Interface
Active Wideband 
Balun (MMIC)
<<λhigh
(b)
Figure 1.13. Sketch of the relative sizes of a low-profile UWB array element and
external wideband baluns. (a) Passive balun. (b) Active balun.
Apart from these distributed-element passive baluns, there are reduced-size pas-
sive baluns that do not rely on the electrical size of their components for bandwidth.
One such approach is to use lumped elements to realize the wideband baluns, where
LC resonators approximate the open- and short-circuited stubs, [86], but they ex-
18
hibit high insertion losses (≈ 2dB) and amplitude imbalances (≈ 0.7dB), are lim-
ited to lower frequencies, and depend on very tight tolerances on the lumped ele-
ment values [74]. Additionally, wire-wound transformers can be arranged to provide
the unbalanced-to-balenced transformation over a wide bandwidth, but are relatively
large, have non-planar fabrication [87], and are also limited to lower frequencies.
Finally, passive 180◦ hybrids can also be used to excite the balanced feed lines.
However, it is well known that power reflected by mismatch at the differential outputs
of these 4-port devices is absorbed by the load at the isolated port. This has two
important implications. First, when these hybrids are used to measure prototype
arrays they produce misleading results since any impedance mismatch in the array
impedance is masked by the hybrid. Secondly, in transmit or receive operation these
hybrids are lossy (due to the matched port), reducing power handling or causing
overheating in transmit applications, or increasing noise figure/temperature in receive
applications.
1.3.4.2 Active
Active microwave monolithic integrated circuit (MMIC) or radio frequency inte-
grated circuit (RFIC) wideband baluns have been developed extensively in the form
of balanced low noise (LNA) and high-power (PA) amplifiers [88], mixers [89], and fre-
quency multipliers [90], and can be utilized for arrays. Very high bandwidths—higher
than their passive counterparts—have been achieved, often from DC up through
20GHz or higher [74, 91–93]. They also have an extremely small size, as shown in
Fig. 1.13(b), where the MMIC implementation adds a negligible depth to the total
array profile. However, these devices are uni-directional, and, due to the transistors,
suffer large-signal effects such as compression and third order intercept points, which
limit their use to low-power, receive applications. The transistors must be biased,
thereby dissipating power, and increase the noise temperature of the system (along
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with other noise issues, such as shot noise). Moreover, low active gains (< 0dB) at
high frequencies, non-zero phase and amplitude imbalances, [92], and finite common-
mode rejection ratios (CMRR), [91], are some other practical limitations that, in
extreme cases, can lead to spurious resonances in the array inside the band.
Having highlighted the practical implementation and performance issues surround-
ing current UWB array technologies and wideband baluns, the next section will out-
line the contributions of this work and provide a road map for this dissertation.
1.4 Challenges
As discussed in the previous section, typical “planar” UWB arrays suffer from
serious electrical and manufacturing limitations due to the balanced feeding of the
elements. Following a radically different approach, this dissertation focuses on the use
of unbalanced feeding of balanced tightly-coupled elements to alleviate many of the
issues outlined above. Unbalanced feeding provides a direct connection to standard
unbalanced 50Ω systems, eliminating the need for external wideband baluns and
complex feed organizers altogether. This enables the development of low-cost arrays
that are truly planar, modular, efficient, and scalable to high frequencies.
Despite these desirable attributes, unbalanced feeding has previously not been
embraced by the community. Unbalanced feeding of balanced radiators defies com-
mon practice, where traditionally balanced feeding is prevalent. Standard antenna
textbooks stress the critical importance of baluns and chokes when feeding isolated
dipoles, [76,94], and this convention is also strictly followed in dipole arrays, [43,95].
Another reason is that traditional UWB array apertures are often designed with
delta-gap sources feeding the elements, in the absence of a realistic vertical feed, and
in practice the natural instinct of the designer is to attempt to mimic this delta-gap
with the balanced feeding.
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Additionally, there are two major technical obstacles that have previously discour-
aged designers from using unbalanced feeding. The first is that when balanced radia-
tors are fed with unbalanced feeds, a catastrophic resonant common-mode is excited
that, at resonance, destroys the performance of the array. This resonance is studied
in this work and a suppression scheme is developed that overcomes this limitation
and has enabled it to be successfully applied to the design of low-cost UWB arrays.
Having removed the common-mode from the operating band, the second difficulty is
that of matching the high (≈ 377Ω) impedance at the aperture layer to 50Ω via the
unbalanced feeds. Balanced-fed arrays typically use external active baluns that can
readily provide a 2:1 or better impedance ratio transformation (Zbalanced:Zunbalanced),
but unbalanced-fed arrays rely on only the transformation provided by the very short
(≤ λhigh/4) vertical transmission line feeds.
1.5 Contributions
This work presents a new design paradigm for UWB array elements that aims
to maximize performance and minimize cost/complexity. Traditionally, the array
aperture and the external wideband baluns are designed and optimized independent
from one another and then are cascaded in a system. This leads to non-optimal
electrical performance of the aperture/balun system and requires elaborate shielding
techniques that complicate fabrication. In contrast, this work uses a novel unbalanced
feeding scheme that essentially integrates the balun with the aperture and allows
them to be simultaneously co-designed (exploiting and compensating for the effect of
each device on the other device’s impedance) for optimal performance and simpler
manufacturability. In detail, the specific contributions of this work can be summarized
as:
(1) Understanding and theoretical modeling of the unbalanced-feeding
of tightly-coupled dipole UWB arrays: The main contribution here is
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understanding the appearance of a problematic common-mode resonance due
to the unbalanced vertical feed lines in the array. The excitation mechanism
of the common-mode resonance is identified and simple resonant models are
developed that accurately predict the resonant frequencies. Furthermore, to
highlight the difference of this common-mode from those encountered in other
UWB arrays, an insightful classification of UWB array elements based on the
number of conductors in the unit cell is developed.
(2) Development of a simple remedy for the common-mode resonance
described in (1): Based on the model developed for the common-mode reso-
nances described in (1), an elegant and simple control strategy is presented that
operates much like the shorting vias used in microwave PCB mode suppression,
and allows the common-mode resonant frequency, fcm, to be moved up and out
of the operating band. An updated theoretical model accurately predicts the
new fcm. The performance trade-offs of this method are studied in detail, with
the introduction of theoretical models that accurately predict the low-frequency
behavior of the resulting element topologies.
(3) Development and design of the Banyan Tree Antenna (BTA) array:
The BTA is the first UWB vertically–integrated tapered dipole element that
achieves nearly two octaves of bandwidth with unbalanced feeding that elimi-
nates the need for external balun/hybrids. This is possible due to a strip-based
implementation of the common-mode control strategy developed in (2). These
elements are low-profile (≤ λhigh/2) and can be arranged in single– or dual–
polarized lattices to provide polarization diversity, and have demonstrated low–
cross-polarization levels of better than −10dB and −14dB in the D-plane in
single– and dual–polarized arrangements, respectively.
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(4) Development and design of the Planar Ultrawideband Modular An-
tenna (PUMA) array: The PUMA is the first truly-planar UWB array tech-
nology, featuring simple multilayer PCB fabrication that is frequency scalable
and conformal. Much like the BTA arrays of (3), these arrays are fed unbal-
anced and use a via-based implementation of the common-mode control strat-
egy of (2), which has allowed these arrays to be designed with common-mode
free operation over bandwidths of 5:1. This array represents the state–of–the–
art in low-cost UWB arrays, and fills the previously mentioned “void” in the
bottom-center of Fig. 1.14: the PUMA has the same fabrication complexity as
a narrowband microstrip patch array yet approaches Vivaldi-like bandwidths.
Furthermore, the array connects directly to standard unbalanced interfaces and
can be formed using modular PCB tiles.
Patch Arrays
Vivaldi Arrays
PUMA Arrays
    
 C
os
t/C
om
ple
xit
y
 Instantaneous Bandwidth 2 4 6 8 10 12 14 16 18 20 22
1
2
3
4
5
6
Frequency [GHz]
VS
W
R
Vivaldi 
(165%)
PUMA 
(133%)
Stacked
Patch
(10%)
(a) (b)
Figure 1.14. Comparison of various array technologies, showing microstrip patch,
PUMA, and Vivaldi arrays. (a) Qualitative cost vs. instantaneous bandwidth. (b)
Quantitative instantaneous bandwidth comparison.
Additional unique aspects include:
• Uses PTFE dielectric substrate below the dipoles (instead of the typical
air), which enables the fully-planar fabrication with plated via feed lines.
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• Uses an egg-crate lattice (as opposed to the more common coincident-phase
lattice), which, along with the lack of feed organizers, allows the array to
be formed from modular tiles.
• Uses a novel capacitively-coupled backplane matching network that helps
match the high aperture impedance (≈ 377Ω) to standard 50Ω interfaces
and extends the bandwidth of the array.
• Uses overlapping parallel-plate capacitors (instead of interdigited-finger
capacitors) that can operate up to high frequencies without spurious res-
onances.
• Uses a novel surface-wave scan blindness mitigation strategy that uses
drilled holes in the array dielectric. This approach is able to increase
the scan volume to 50◦ or 60◦ and can be readily implemented at high
frequencies with simple manufacturing techniques.
.
1.6 Dissertation Overview
Chapter 2 develops the theory of common-modes on UWB arrays. First, the most
prominent UWB element topology types are classified based on the number of con-
ductors in the unit cell. This is critical because it gives insights into the various
common-mode problems encountered in UWB arrays. Unbalanced-fed balanced ra-
diators are identified as the most promising candidates for developing low-cost arrays
that do not require an external balun, and the common-mode that plagues this topol-
ogy is analyzed in detail. This common-mode is catastrophic and is found to result
from a resonant length along the diagonal plane of the array lattice that is excited
by a current imbalance on the feed lines. A simple, theoretical model is presented
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that accurately predicts the resonant frequency and provides the foundation for the
control technique developed in Chapters 3 and 4.
Chapter 3 develops the theory and operating principles of the Banyan Tree An-
tenna Array (BTA), which is a vertically-integrated, flared-dipole topology that is
fed with unbalanced feed lines. A novel shorting strip arrangement is introduced,
and is shown to control the broadside common-mode resonant frequency discussed
in Chapter 2, allowing it to be moved out of band entirely. The resonant model of
Chapter 2 is modified to include the effects of the shorting strips, and is once again
shown to accurately predict the new resonant frequency. Though the shorting strips
mitigate the common-mode problem, they also affect the performance of the array,
particularly at low-frequencies, where a new loop-mode resonance is excited; a sec-
ond model is developed that accurately predicts this new resonance, and strategies to
minimize its adverse affects are discussed. Finally, the theory is applied to the design
of single- and dual-polarized infinite arrays that achieve approximately two-octaves of
bandwidth with VSWR < 3 and low cross-pol (≤ −10dB for single-pol, and ≤ −15dB
for dual-pol) out to θ = 45◦ in all planes.
Chapter 4 develops the theory and operating principles of the Planar Ultraw-
ideband Modular Antenna (PUMA) array. This chapter provides a brief, top-level
overview of the common-mode control with shorting vias and the loop-mode excita-
tion in the context of the PUMA, with details of these resonances left for Chapter 3.
The theory instead focuses on PUMA-specific topics, such as the effect of modularity
tolerances on the array performance, and the practical capacitor geometries used to
capacitively couple the dipoles. Also, the PUMA array results in a thick, stratified
grounded dielectric slab that can support surface waves at certain scan angles, re-
sulting in scan blindness conditions. A simple remedy is presented that consists of
perforating the dielectric layers with holes. Theoretical and numerical predictions
of the blind angles are shown to be in good agreement. The theory in this chap-
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ter is then utilized to design a 5:1 infinite dual-polarized PUMA array that utilizes
a unique loss-less backplane matching network and demonstrates a VSWR <2 at
broadside and a VSWR ≤ 2.8 and cross-pol ≤ −15dB out to θ = 45◦ in all planes
with a high radiation efficiency.
Finally, Chapter 5 presents the design, fabrication, and measurement of a proof
of concept 16×16 dual-polarized PUMA array operating over 7-21GHz (3:1 band-
width). The array is fabricated as a single multilayer PCB, and utilizes a special
solderless interconnect and measurement fixture to ease characterization of the array.
Performance trends are presented for the critical design parameters of the array, and
fabrication considerations of the array PCB are discussed. The design and fabri-
cation of the solderless interconnect and the measurement fixture are also detailed.
Impedance and radiation performance of the array prototype are then analyzed using
infinite unit cell, 16×∞, and 16×16 array simulations to quantify the finite array
effects, and are compared with measurements where good agreement is shown. Mea-
sured results indicate the array operates with a VSWR ≤ 2.1 at broadside with a
nearly ideal absolute gain and a VSWR ≤ 2.8 out to θ = 45◦.
The dissertation concludes in Chapter 6, including a discussion of future work.
The appendices include extra data on the 16×16 dual-polarized PUMA array pro-
totype discussed in Chapter 5. Appendix A includes the full set of simulated active
VSWR distributions over the array with all elements excited, and Appendix B in-
cludes the active VSWR distributions over the array with only a central 9×9 subarray
excited. Appendix C shows the variation in the active VSWR of a central element
with increasing numbers of elements excited in the array. Appendix D shows the mea-
sured embedded element patterns of the array across the full 7-21GHz operating band.
Finally, Appendix E includes simulation data on the efficiency and power-handling of
the prototype array.
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CHAPTER 2
COMMON MODE RESONANCES IN UWB ARRAYS
2.1 Introduction
The novelty of the two phased array technologies, the Banyan Tree Antenna (BTA)
and Planar Ultrawideband Modular Antenna (PUMA) arrays proposed in this dis-
sertation, relies on the unconventional feeding of balanced radiators. Namely, the
direct unbalanced feeding of dipole-like element arrays. This chapter will present the
major impediment in the operation of these arrays, a catastrophic common mode
resonance excited in-band. Moreover, a comprehensive theory and phenomenology of
the common mode resonances encountered will be presented.
Traditionally, balanced radiators such as dipoles are fed balanced in order to pro-
duce purely differential currents, resulting in zero or small parasitic radiation from
these feed lines due to current cancellation. This feeding approach of balanced ra-
diators has been the norm for both single element antennas [76, 94] and antenna
arrays [43,95]. Conversely, when balanced radiators are fed by unbalanced feed lines,
the net current on the feed lines does not cancel out, and will be shown to couple into
problematic resonant lengths inside the array that cause catastrophic impedance ef-
fects (Rin → 0Ω) at certain resonant frequencies. This zero input resistance creates a
notch rejection band inside the operating band that disrupts the UWB performance.
At these resonant frequencies, the resonant modes induce strong unidirectional (com-
mon mode) currents on the feed lines, hence the identification of this resonance as a
common mode resonance. This mode will be shown to occur only at broadside (or
very shallow scan angles of a few degrees).
27
This chapter will start with an insightful classification of UWB array elements
based on what common mode resonances they can support and distinguish the mid-
band common mode from other common mode resonance that are possible in the
array. Next, the currents on the radiators and the excitation mechanism will be in-
vestigated, and will lead to the development of resonant models that are shown to
accurately predict the occurance of the common mode resonance in single- and dual-
pol rectangular lattices. The midband common mode excitation in finite arrays is
investigated using 16×∞ arrays, which show that the resonance affects all interior
elements in the array, even for arrays as small as 3×3. When the array is scanned
off of broadside, it is shown that the midband common mode is no longer excited.
Finally, the excitation of other out-of-band common modes will be investigated, and
will be shown to occur near the grating lobe onset frequency fg.
2.2 Common Mode on UWB Arrays
Before proceeding into the description of the common modes encountered in var-
ious practical arrays (that include realistic feeding schemes), it would be useful to
classify them according to the topology of their radiating conductors in the unit cell.
As it will become clear later in this section, the topology and not the geometry is
the most important factor in the development of common mode resonances in their
operating band.
Two-dimensional (planar) arrays can be classified into three types according to
the number of radiating conductors in a periodic unit cell, as shown in Fig. 2.1
(single-polarized arrays are shown for simplicity). Though tapered, vertically ar-
ranged dipole-like elements are shown, the classification applies to all other imple-
mentations of these types of balanced radiators, such as planar/printed elements,
etc.
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Type 1 elements have only one radiating conductor in the unit cell and include
tapered slot arrays, [17–19], shown in Fig. 2.1(a), and a slot-line fed bunny-ear
elements [96], shown in Fig. 2.1(b). The red arrows indicate a source exciting the slot,
which can take the form of a microstrip–to–slotline or stripline–to-slotline transition
(or other type of slot excitation). These elements support only slot-line modes, which
are purely differential by nature and cannot have a net current flow on the element
fins, thus do not support the broadside common mode of interest in this chapter. The
reason is that more than one unique potential is required to support a net current
flow, and the single conductor, just like the single-conductor transmission line of Fig.
2.2(a), cannot support more than one unique potential.1 However, Type 1 elements do
support an H-plane scan-induced resonant mode [98] when implemented in a stripline
configuration without proper grounding connections between the stripline ground
plane conductors. In this case, the two stripline ground plane conductors can support
two independent potentials and as a result the element is essentially a Type 2 element
that supports a common mode. This common mode is excited by an imbalance of
current on the conductors due to the H-plane scanning, and couples strongly into a
resonant cavity mode that is developed between the stripline ground conductors, [98].
The remedy for this resonance is to connect the stripline ground conductors with
vias, thereby forming a single grounded conductor that ensures proper grounding and
the element is once again a Type 1 element that does not support common modes.
These Type 1 elements also require careful electrical connection between neighboring
elements to avoid resonances due to gaps between neighboring elements, [26].
Type 2 elements, shown in Fig. 2.1(c), consist of two independent radiating
conductors, where one conductor is fed with an unbalanced source (isolating this
1These “potential” arguments in this section are qausi-static and generally hold since the unit
cells are < λ/2, thus most dimensions are << λ/2. There are cases, for example very deep elements,
where this assumption may be insufficient to predict some resonances.
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Figure 2.2. Sketch of conductors and potentials in traditional transmission lines.
(a) Single conductive ground plane at potential V1. (b) Two conductors, at potentials
V1 and V2. (c) Three conductors, at potentials V1, V2, and V3.
Table 2.1. Possible common modes excited on Type 1, 2, and 3 arrays
Type 1 Type 2 Type 3
1.) — V1 = V2 V1 = V2 6= V3
2.) — — V1 6= V2 = V3
3.) — — V1 = V3 6= V2
conductor from the ground plane), and the second radiating conductor is connected
to the ground plane. Antipodal Vivaldi Antenna (AVA), [31], and Balanced Antipodal
Vivaldi Antenna (BAVA) array, [32,33], elements fall into this category, as do the BTA
and PUMA arrays introduced in Chapters 3 and 4 of this work. A recently published
BAVA with a U-channel [35] is also a member of the Type 2 class. The two radiating
conductors can support two unique potentials, V1 and V2, and as a result the currents
on the radiators may be unequal and form a net current flow. As a result, Type 2
elements can support one broadside common mode in the operating band, when the
two conductors have V1 = V2, as noted in Table 2.1. This can be visualized on a
multi-conductor transmission line, shown in Fig. 2.2(b), which supports two unique
potentials.
This common mode resonance is excited strongly when all elements are scanned
to broadside (all elements are in-phase). When the elements are phased to scan away
from broadside, the resonance disappears, since V1 6= V2. An alternative, intuitive
explanation of the development and scan behavior of the common mode is elaborated
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on in Section 2.4.2. Therefore Type 2 elements have good scan performance over their
operating band.
Type 3 elements have two differentially-excited, isolated conductors above a ground
plane, which becomes the third radiating conductor, as shown in Fig. 2.1(e)-(i). This
configuration arises when the radiators are fed with baluns, which was identified as
the key to eliminating the broadside common mode resonance in 2D arrays since the
balun forces differential currents and suppresses common mode currents2. Members
of this group include the bunny ear element [36, 37], shown in Fig. 2.1(e), or the
Doubly-mirrored Balanced Antipodal Vivaldi Antenna (DmBAVA) array [34], shown
in Fig. 2.1(f). Three unique potentials are then possible on these three conductor
structures, V1, V2, and V3, and there are three possible common modes, as shown in
Table 2.1. Thus the balun can force V2 6= V3 (where by Fig. 2.1(d)conductors 2 and
3 are the radiating conductors and 1 is the ground plane), and remove the second
common mode in Table 2.1. If V1 = V3, the vertical feed line (conductor 3) and the
ground (conductor 1) are not parallel, and thus this common mode resonance is not
excited. Similarly, V1 = V2 is not excited since the lines are not parallel.
However, these Type 3 elements support a scan-induced common mode [36,38,72,
73, 97] that is excited when the array is scanned along the E-plane, as this destroys
the perfectly balanced potentials on conductors 2 and 3 (V2 = V3). As a result, these
feed lines require elaborate mode-suppression methods to prevent this scan-induced
common mode from being excited over a desired scan volume, such as H-plane metallic
walls or complex 3D feed organizers (see Chapter 1). A numerical example of this E-
plane scan-induced resonance is shown in Fig. 2.3 for an infinite array of balanced-fed
dipole (Type 3) elements. Fig. 2.3(a) shows the array without shielding around the
feed lines, and Fig. 2.3(c) shows the active VSWR for scanning along the E-plane,
2Balun performance specifications include a common mode rejection ratio, or CMRR, which is
the ratio of common mode to differential mode currents
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where at θ = 45◦, the VSWR increases near f = 16GHz, and at θ = 50◦ a strong
resonant VSWR spike occurs near f = 16GHz, due to the scan-induced common
mode. In contrast, when shielding (feed organizer) is added around the feed lines
(as shown in Fig. 2.3(a)) and the array is scanned to θ = 50◦, the resonant spike
is removed from the VSWR. However, note that the VSWR is seen to increase over
much of the band due to the parasitic capacitances introduced by the cylindrical
feed organizer, highlighting the importance of carefully shaping the feed organizer to
improve performance.
Though all of the elements in Fig. 2.1 are single-polarized, they support the
same common modes when used in dual-polarized arrangements, the classification
and insights described above can be generalized to dual-polarized arrangements. It
will be shown in Section 2.5 that the broadside common mode that is focused on
in this chapter does shift to a higher frequency in dual-polarized arrays, but is still
within the operating band of the array.
2.3 The Nature of the Common Mode on Type 2 Arrays
Of the three types of elements discussed in Section 2.2, the Type 2 elements
are the most promising from the standpoint of low-profile, low-cost UWB arrays with
simple fabrication and assembly. Type 1 elements require careful electrical connection
between neighboring elements, which complicates fabrication and assembly, and the
typical tapered-slot elements are very high-profile. Type 3 elements, though low-
profile (height < λhigh/2) and modular (do not require electrical connection with
neighboring elements), but do require wideband baluns in the feed network that
tend to be very large and lossy or very small but unidirectional and noisy. Finally,
the feed lines require careful shielding or suppression methods to avoid the E-plane
scan-induced common modes described in the previous section, which complicates
fabrication (this is particularly problematic for the quasi-planar UWB elements).
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Figure 2.3. Comparison of the active E-plane scan VSWR for a single-polarized
dipole array with and without electrical shielding of the feed lines via a 3D, metallic
feed organizer. (a) Side view of dipole feeding without shielding (no feed organizer).
(b) Side view of dipole feeding with shielding (with feed organizer). (c) Comparison
of E-plane VSWRs for each case. The grating lobe onset frequency is denoted by fg.
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Conversely, Type 2 elements do not require external wideband baluns or elaborate
shielding of the feed lines (as they do not support the scan-induced common mode).
To develop Type 2 arrays to achieve their full potential, this chapter studies and
identifies the broadside common mode in detail, and Chapters 3 and 4 present a
method of moving this resonance out of the operating band.
Consider a Type 2, single-polarized, doubly-periodic infinite array of balanced
fins over a ground plane fed by unbalanced feed lines, as shown in Fig. 2.4, that is
excited at broadside. While one feed line is directly fed, forcing a particular current
amplitude and phase to exist on the conductor, the other feed line draws current from
the ground plane and, therefore, its current is not forced to be equal amplitude and
antiphase to that of the driven conductor. A “mixed-mode” current results on the
element fins, of which there are two types as shown by the arrows in Fig. 2.5. When
the differential mode currents are stronger than the common mode currents, the total
current is that of Fig. 2.5(a), where the currents flow in opposite directions but with
different amplitudes. This is the mixed-mode that is typical over most of the operating
band in Type 2 elements when away from the common mode resonance. The other
mixed-mode is shown in Fig. 2.5(b), where the common mode currents are stronger
than the differential mode currents, and the total current flows in the same direction
on each line but with different amplitudes. At the common mode resonance, this is
the current distribution that is strongly induced on the elements. It will be shown
that this mixed-mode current imbalance is responsible for a catastrophic resonance
around midband of such UWB arrays, rendering them useless. This also highlights
once again why a Type 3 array fed with a balun does not excite the broadside common
mode, as the currents on the feed lines are purely differential and lack the common
mode current components.
It is important to highlight that while the strength of the well-behaved differential
current is approximately constant with frequency, Id(f) ≈ Id, the common mode
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Figure 2.4. Uneven mixed-mode current densities due to the unbalanced excitation
of balanced tapered-dipole elements.
current has a “notch” behavior, with currents Icm(f) that are very strong only at a
particular resonant band and will be shown to be due to a resonance excited in the
band. The total mixed current, can be written as I(f) = Id(f)+Icm(f) ≈ Id+Icm(f).
Away from this catastrophic resonance, the currents I(f) on the elements are strongly
differential, but at the resonance the common mode current Icm dominates and the
total current is strongly common mode I(f) ≈ Icm(f).
Returning to Fig. 2.4, the unequal mixed-mode currents on the vertical feed
lines no longer cancel (as they would if the currents were purely differential) and
there exists a net flow of current upward (in this case) on one conductor. This net
current distribution between neighboring elements can excite a zˆ-directed electric
field much like the probe feeding arrangement of a cavity or a waveguide, shown in
Fig. 2.6. When the distance between two vertical grounded conductors of neighboring
elements in the array is equal to one half-wavelength, a field mode with dominant
zˆ-directed electric fields can be excited. This mode’s fields in turn induce strong
zˆ-directed (common mode) electric currents on the metallic fins. To show intuitively
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Figure 2.5. Sketch of current pairs on the unbalanced feed lines of Fig. 2.4, il-
lustrating the mixed-mode currents resulting from the superposition of differential-
and common mode currents. (a) Mixed-mode currents away from the common mode
resonance, where the differential-mode dominates. (b) Mixed-mode currents at the
common mode resonance, where the common mode dominates.
J J
Figure 2.6. Excitation of a waveguide cavity with a current probe.
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why this strong common mode current causes a severe problem in the array, consider
the radiation from the differential currents on the element, illustrated in Fig. 2.7
(top) by a horizontal dipole, and the radiation from the common mode currents,
represented by a monopole over a ground plane in Fig. 2.7 (bottom). In isolation,
each element radiates efficiently, though their patterns are of course very different,
where the dipole has maximum gain at boresite and the monopole pattern has a null.
When placed in an array environment scanned to broadside, in this case demonstrated
using a basic array factor multiplication, it is clear that the horizontal dipole array
radiates efficiently, while the monopole array has no radiation at broadside, due to
it’s element pattern null canceling out the array factor, and extremely low levels of
radiation occuring away from broadside. As a result, the radiation resistance of the
monopoles scanned to broadside goes to 0Ω, and the fields in the array are mostly
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Figure 2.7. Intuitive explanation of the poor radiation properties of common mode
currents. Top: Differential currents (represented by horizontal dipoles). Bottom:
Common-mode currents (represented by monpoles).
reactive. In very small arrays, this cancellation will yield relatively large Rin, but for
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large or infinite arrays Rin = 0Ω. The differential and common modes can be thought
of as being connected in parallel, and thus a short circuit condition for the common
mode currents results in a total element input impedance that is also short circuited.
The next sections take an in-depth look at the common mode phenomenology for
single and dual-polarized arrays and for infinite and infinite×finite arrays in order to
show the behavior of the resonance in finite arrays. These cases will investigate the
common mode excitation for both broadside and scanning.
2.4 Single-Polarized Type 2 Arrays On A Rectangular Grid
This section takes an in–depth look at the common mode using real examples and
develops a theory that predicts its resonant frequency.
2.4.1 Broadside Behavior
To demonstrate the catastrophic nature of this common mode resonance, it is
instructive at this point to briefly consider Fig. 2.9, which shows the broadside VSWR
and impedance of the infinite array of Fig. 2.4 (the exact geometrical parameters are
given in Table 2.2 and Fig. 2.8). The active VSWR has a severe spike due to the
common mode resonance near 5GHz, indicating a notch band where all input power
will be reflected back into the source. Fig. 2.9(b) shows the resistance RA goes to
zero at this frequency, since the array is not radiating, and a resonance is clearly seen
at this same frequency in the reactance XA.
A resonant model of the common mode can be developed by considering the
possible resonant lengths inside a unit cell. Because the array is doubly periodic, as
shown in the overhead view of Fig. 2.10, a half-wavelength length between neighboring
elements can be along the E-, H- or D-planes could be responsible for this resonance.
Any other resonant length between grounded conductors of non-neighboring elements
is precluded due to the periodic nature of the array. Common-mode resonances are
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Figure 2.8. Front and side view of the unbalanced-fed tapered-dipole element used
in the studies of this chapter, along with the geometry parameters. The element is
realized as a single printed metallization layer with dielectric on both sides.
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Figure 2.9. Broadside performance of the balanced element fed by an unbalanced
line in Fig. 2.8, with Dx = Dy = 20mm, and the parameters listed in Table 2.2. (a)
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also possible when the element height H becomes equal to λ/2 (this resonance is
excited because the ground plane is transformed along the element to a short-circuit
at H = λ/2), but the element is typically less than λ/2 at the high end of the
operating band and is not excited. The next section investigates the resonance along
the D-plane of the array. Along the H-plane, (LH) and the E-plane, (LE), these
resonant lengths correspond to frequencies close to the grating lobe frequency, and
for scanning arrays they occur nearly out-of-band. These modes will be discussed in
detail in Section 2.4.1.2.
2.4.1.1 D-Plane Common Mode
This section will instead focus on the resonant mode along the D-plane, (LD),
which is responsible for the dominant, problematic common mode, since LD is longer
than Dx or Dy and thus resonates below the grating lobe onset frequency. This
resonant length is readily excited since the effective current probe formed by the
imbalance of currents lies in between the grounded conductors, as shown in Fig. 2.11.
Using LD =
√
D2x +D
2
y as the resonant length, where Dx and Dy are the E- and
H-plane spacings, respectively, the following common mode resonance frequency is
obtained
fcm ≈ c◦
2
√
r,eff
√
D2x +D
2
y
, (2.1)
where c◦ is the speed of light in a vacuum, and the effective relative permittivity r,eff
is
r,eff =
(2TDx)(1) + (DxDy − 2TDx)r
DxDy
= 1 +
2T
Dy
(r − 1), (2.2)
which is found by taking an average of the permittivities of air (r,air = 1) and the
dielectric (r) weighted by the material volumes. In (2.2), 2T is the thickness of the
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Figure 2.10. Top view sketch of the single-polarized 2D tapered-dipole elements fed
unbalanced in Fig. 2.8. This model will be used to theoretically predict the common
mode resonant frequency
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Figure 2.11. Sketch of the resonant electric fields developed in the single-polarized
2-D tapered-dipole elements fed unbalanced in Figs. 2.8 and 2.10 at the common
mode frequency (only the fields along the resonant length are shown).
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dielectric used to support the metallic fins (Fig. 2.10). To validate (2.1), the common
mode frequency of a single-polarized array of elements shown in Fig. 2.8 with the
parameters of Table 2.2 is considered. The array is analyzed using Ansoft/Ansys
HFSS [99] and the numerical results are compared to the theoretically calculated fcm
from (2.1), shown in Table 2.3. The results show very good agreement, having less
than 2% error for various element spacings Dx and Dy, dielectric constants r, and
dielectric thicknesses 2T , validating the proposed theory.
Table 2.2. Parameters used for the common mode studies
H [mm] S [mm] Wf [mm] Wg [mm]
21.25 8.00 1.60 1.60
G [mm] Ri [mm
−1] Ro [mm−1] τ [mm]
0.45 0.10 -0.55 0.00
Table 2.3. Theoretical vs. numerical fcm in single-polarized Arrays
Dx Dy 2T r r ,eff Theoretrical Numerical Error
[mm] [mm] [mm] fcm [GHz] fcm [GHz] [%]
20 20 — 1 1 5.30 5.28 0.44
20 15 2.0 2.2 1.16 5.57 5.53 0.73
20 25 2.0 2.2 1.10 4.48 4.50 0.55
20 20 2.0 2.2 1.12 5.01 4.95 1.22
25 20 2.0 2.2 1.12 4.43 4.44 0.29
20 15 6.0 5 2.60 3.72 3.67 1.37
20 25 6.0 5 1.96 3.35 3.34 0.20
20 15 4.0 10 3.40 3.25 3.20 1.66
20 25 4.0 10 2.44 3.00 2.98 0.65
Fig. 2.12(a) shows the full-wave currents calculated using Ansoft/Ansys HFSS on
the fins at fcm, showing indeed the currents exhibit a common mode distribution.
Fig. 2.12(b) shows the Ez field distribution near the ground plane at fcm, confirming
that the vertical E-field is nearly zero at the feed lines and has a maxima between
the elements along the D-plane.
Finally, it is worth mentioning that the common mode resonance frequency fcm
exhibits a weak, second-order dependancy on some of the parameters of the tapered
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Figure 2.12. Electric currents and fields developed at the common mode frequency in
a single-polarized, unbalanced fed tapered-dipole array (broadside scan). (a) Electric
currents on the element fins. (b) Overhead view of the zˆ-polarized electric field
magnitude, |Ez|, along the plane cut in Fig. 2.12(a).
44
dipoles, which has also been observed in [34]. The strongest effect comes from the
length of the vertical feed lines, S, and to a lesser degree the height of the fins FH .
To demonstrate, Fig. 2.13(a) shows the broadside |Γa| for S = 6 − 12mm, showing
an approximately 8% change in fcm for a 50% change in S (which also represents a
25% change in the overall height H). Fig. 2.13(b) shows the variation in |Γa| for
FH = 10.25 − 16.25mm, showing a 3% change in fcm for a nearly 60% change in
FH . It is clear that fcm shows little variation with these parameters, and thus the fcm
equations presented here are expected to be in good agreement for typical parameters
encountered.
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Figure 2.13. Variation in the common mode resonance frequency fcm with changes
in the vertical height of the element. (a) Broadside |Γa| for various vertical feed line
lengths, S. (b) Broadside |Γa| for various fin heights FH .
2.4.1.2 Out-of-Band (Higher Order) Common Modes
It was remarked in Section 2.4.1 that the unbalanced feeding can excite resonant
lengths in the unit cell that have frequencies above the grating lobe onset frequency
fg. This section will describe the theory and phenomenology of these out-of-band
(higher order) common modes.
Though these out-of-band common modes along LE and LH are near or above the
grating lobe onset frequency fg for scanning arrays, they could become significantly
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important on non-scanning arrays, where the operation could be extended above the
fg for λ/2 spacing. To avoid confusion between the multiple common modes and
their resonant lengths, the resonant frequencies are denoted as fcmD for the in-band
(D-plane) common mode, and fcmH and fcmE for the two out-of-band modes. The
two out-of-band common modes can be predicted in a similar fashion to (2.1) as
LH : fcmH =
c◦
2LH
= c◦
2
√
r,effDy
(2.3)
LE : fcmE =
c◦
2LE
= c◦
2
√
r,effDx
. (2.4)
Note that fcmE ≤ fgE and fcmH ≤ fgH for arrays with r,eff ≥ 1, and thus will fall
inside the operating band in practical arrays with supporting dielectrics. In practice,
these higher order modes are far less problematic in arrays than the in-band (D-plane)
fcmD .
To study the appearance of these higher-order modes, consider the array of Fig.
2.15, which has element spacings of Dx = 1.4cm and Dy = 2cm, and consists of
only vertical tapered PEC dipole arms without any supporting dielectrics. The three
common mode resonance frequencies can be predicted analytically using (2.1) and
(2.4) with r,eff = 1 as
LD : fcmD =
c◦
2LD
= 3×10
−8m/s
2
√
(0.020m)2+(0.014m)2
= 6.14GHz
LH : fcmH =
c◦
2LH
= 3×10
−8m/s
2(0.020m)
= 7.5GHz
LE : fcmE =
c◦
2LE
= 3×10
−8m/s
2(0.014m)
= 10.7GHz.
Though these calculations are accurate, the numerical data indicates the true resonant
frequencies should be adjusted to
LD : fcmD = 6.41GHz
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LH : fcmH = 7.70GHz
LE : fcmE = 10.7GHz,
which differ from the analytic calculations by less than 4%. As a first step, the active
reflection coefficient Γ1 looking into element 1 is shown in Fig. 2.14, with vertical
lines marking the frequencies fcmD , fcmH , and fcmE . It is clear that the LD and LE
resonances are strongly excited, where |Γ1| → 1(0dB), but the LH resonance does
not appear in this curve. While the reflection coefficient is high in the vicinity of
fcmH , this is merely poor impedance matching and is not due to to the LH common
mode. It is difficult to tell from this data alone why there is no resonance near
fcmH = 7.7GHz. Intuitively, this can be explained by the fact that there is an null
in the vertically polarized E-field (Ez) of Fig. 2.12(b) on either side of the vertical
grounded conductors along the H-plane (due to tangential boundary conditions on
the metallic grounded feed line), thus the imbalance of currents on the feed lines is
unable to couple into the resonant mode along the H-plane.
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Figure 2.14. Active reflection coefficient |Γ1| calculated at element 1 in the unit cell
with all elements excited. Note that this represents a uniformly excited infinite array.
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In an effort to better understand the nature of these resonances, this section will
consider the unit cell of Fig. 2.15, which contains four elements on a rectangular grid
with spacings Dx = 14mm and Dy = 20mm. When all four elements are excited
with equal amplitude and phased properly, as in Fig. 2.16(a), the array behaves as a
uniform infinite array with element spacings Dx and Dy, i.e. a standard infinite array
analysis, as studied thusfar in this chapter.
Dy
Excited 
Fin
Grounded 
Fin
y
x
z
LH LE
LD
1 4
2 3
...
...
...
...
Figure 2.15. Unit cell utilized to study inter-element coupling in a single-polarized
tapered-dipole array. No dielectrics are used in this model, and Dx = 1.4cm and
Dy = 2cm. Elements are numbered clockwise in the unit cell from 1-4.
However, this four element unit cell allows one to excite each element indepen-
dently and observe the coupling between the other elements in the unit cell. Due to
the periodic boundaries on all four sides of the unit cell, each excitation is repeated
on the doubly-infinite lattice and forms a new array. For example, exciting element 1
as shown in Fig. 2.16(b) results in an infinite array with the excited elements (high-
lighted in yellow) separated by 2Dx and 2Dy, with terminated elements in between
(the other elements of the unit cell). Similarly, exciting each of the other three el-
ements in turn results in an identical array configuration, shifted by one unit cell,
as shown in the configurations of Figs. 2.16(c)-(e). As a result, this arrangement
can be viewed as a decomposition of the uniform infinite array into four interleaved,
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identical arrays shifted in space. The S-parameters of this unit cell do not represent
traditional S-parameters, but rather the power coupled from one interleaved excita-
tion into a second interleaved array, e.g. S12 represents the power coupled from the
excited elements in Fig. 2.16(c) into all of the #1 elements in the array. Access to
the different coupling coefficients provides valuable insight into the mutual coupling
present in a unit cell that is difficult to interrogate with a traditional uniform infinite
array. These S-parameters can also be used to compute the active reflection coefficient
by
Γm =
4∑
n=1
An
Am
Smn, (2.5)
where Smn are the coupling from the n elements of the array into the m elements and
An is a complex excitation coefficient at element n.
At this point the analysis returns to Fig. 2.14, which is exactly the type of problem
where the four element unit cell shows its true strength. The S-parameters S11, S12,
S13, and S14 of this unit cell are plotted in Fig. 2.17, and it is readily seen that
the S11 curve has dips at each of the three resonant frequencies, implying that when
element 1 is excited, there is power coupled strongly into the surrounding ports at
these specific frequencies (in addition to radiating). There are also clear peaks in the
coupling shown by S12, S13, and S14, further implying the strong coupling at these
frequencies. Still, this data only shows magnitude information, and it is not clear
what is happening in the array at these resonant frequencies.
The phase information can provide additional, pertinent information, and is shown
in Fig. 2.18. The phase for each S-parameter is shown in Fig. 2.18 to allow for the
relative phase differences between the S-parameters to become more apparent. The
S parameter magnitudes and angles at each of the resonant frequencies is collected
in Table 2.4 and will be used to explain the occurrence of the catastrophic reflection
coefficients at these frequencies. Near fcmD = 6.41GHz, the S-parameters S12, S13,
and S14 are nearly in phase, differing by a maximum of only 35
◦, and are approxi-
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Figure 2.16. Decomposition of the 2×2 unit cell into four interleaved array ex-
citations. Highlighted elements are excited, otherwise terminated in 50Ω. (a) All
elements in unit cell excited, equivalent to a uniformly excited infinite array. (b) Ele-
ment 1 in the unit cell is excited, resulting in an infinite array with excited elements
spaced 2DX and 2Dy, with terminated elements in between. Similarly, (c), (d), and
(e) show the patterns for exciting only elements 2, 3, and 4, respectively.
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Table 2.4. Magnitude and phase of S-parameters at the common mode resonance
frequencies
f [GHz] |S11| |S12| |S13| |S14|
fcmD 6.41 0.47∠− 5◦ 0.48∠166◦ 0.49∠165◦ 0.55∠− 160◦
fcmH 7.70 0.58∠− 35◦ 0.34∠15◦ 0.37∠17◦ 0.42∠156◦
fcmE 10.7 0.34∠133◦ 0.60∠95◦ 0.13∠179◦ 0.46∠25◦
mately 180◦ out of phase with S11. As a result, their coupling adds constructively at
element 1 (including some cancellation of S11, which in general improves the element
impedance match, but there is too much coupled power from the other ports in this
case for this to help), which is why |Γa| → 1 (0dB) at fcmD . At fcmE = 10.7GHz,
S12 and S14 are nearly in quadrature with approximately 70
◦ phase difference and
have large magnitudes that, when added together, lead to |Γa| → 1 (0dB) at this
frequency. It is interesting to note that S13 is out of phase with S12 and S14 but has
such a small magnitude that any cancellation is negligible.
Finally, the resonant frequency fcmH = 7.7GHz is examined closely, and it becomes
clear why this resonance does not appear in Fig. 2.14. S12 and S13 are nearly in-
phase and have approximately equal magnitudes, yet S14 is 120
◦ out of phase with
these S-parameters and, most importantly, is almost exactly 180◦ out of phase with
S11. As a result, there is strong cancellation of the mutual coupling at this frequency
that prevents the resonance from appearing as a catastrophic occurrence with total
reflection.
To go a step further, the excitations of the elements in the unit cell can be modified
to change the strength of the resonances over the band. To simplify this analysis, the
examples included in Fig. 2.19 only consider element excitations that are on or off (a
binary study); it should be noted that the weights and phases of the excitations can be
modified to see similar effects. Fig. 2.19(a) shows that when only elements 1, 2, and
3 are excited, a high coupling is seen at fcmH , since without the contribution of the
coupling S14 from element 4, there is little cancellation when the coupling terms are
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Figure 2.19. Effect of the element excitation in the 2×2 on the broadside active
reflection coefficient Γa of element 1. The inset shows unit cell map, where the excited
elements are highlighted. (a) Elements 1-3 excited. (b) Elements 1, 2, and 4 excited.
(c) Elements 1 and 2 are excited. (d) Elements 1 and 4 are excited.
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added together. For the same reasons, fcmD and fcmE show a null and a high reflection
coefficient, respectively. Similarly, terminating element 3 in Fig. 2.19(b) removes
strong coupling from the calculation of |Γ1| at fcmH . Finally, exciting elements 1
and 2 in Fig. 2.19(c) emphasizes the resonant dip in |Γ1| at fcmE (though shifted
slightly down in frequency), since elements 1 and 2 are free to couple power along
the resonant dimension into ports 3 and 4. Fig. 2.19(d) emphasizes the resonant dip
in |Γ1| at fcmH , since elements 1 and 4 are free to couple power along the resonant
H-plane dimension into ports 2 and 3.
2.4.1.3 Finite Single-Polarized Type 2 Arrays
It was shown in Section 2.4.1.2 using infinite array analysis that the excitation of
the common mode resonances depends not only on the resonant lengths that can be
excited in the array lattice, but also the mutual coupling that is present due to the
surrounding elements and their excitation. It is thus a natural progression to now
consider what happens to the common mode resonance when the mutual coupling is
perturbed by truncation effects in a finite array. Note that this section will focus on
fcm = fcmD , and will not consider the higher order common modes.
First, the effect of array size on the excitation of the common mode is studied,
namely examining the minimum array size for which the common mode is strongly
excited. The second important aspect is the variation in common mode excitation for
various element positions in the array, i.e. interior vs. edge elements. These effects
will be analyzed using two 16×Infinite single-polarized tapered-dipole Type 2 array
models, where the finite dimension is aligned with the E-plane in one model (16E×∞,
see Fig. 2.20) and aligned with the H-plane in the other model (16H×∞—not shown
here). This provides valuable information on truncation in each plane that can be
extrapolated to a full finite array, though with a significantly lower computational
burden. The first array model shown in Fig. 2.20, with the E-plane (the xˆ-axis)
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Figure 2.20. 16E×Infinite tapered-dipole simulation model, with the element pa-
rameters listed in Table 2.5.
Table 2.5. Single-pol type 2 array element parameters for the 16×infinite array
simulation
Dx [mm] Dy [mm] F [mm] T [mm] H [mm] S [mm]
20.00 15.00 19.25 0.79 (31mil) 25.25 12.00
Wf [mm] Wg [mm] G [mm] Ri [mm
−1] Ro [mm−1] τ [mm]
2.70 2.70 0.10 0.10 -0.70 2.00
of the tapered dipoles aligned with the finite dimension of the simulation model.
The element parameters are listed in Table 2.5, and Rogers 5880 (r = 2.2) dielectric
layers of thickness T are arranged on each side of the metallization. The second
array is identical, except with the finite dimension oriented along the H-plane (the
yˆ-axis). For this array, the element spacing results in a common mode frequency
fcm = 6.2GHz.
To explore the effects of E-plane array size on the common mode, Fig. 2.21 shows
the effects of changing the number of excited columns in the array on the VSWR
and resistance of a central column, column 9. This approximates varying the size of
the array, though is not exact since the terminated elements affect the performance
of the excited columns (the effect is mainly on first and last excited columns). Fig.
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2.21(a) shows the variation in VSWR of a central element (column 9) for small array
sizes, starting with exciting only column 9. A poor match is evident at low frequency.
since this depends strongly on the mutual coupling, but more importantly there is
an extremely small, negligible spike in the VSWR at fcm ≈ 6GHz. The resistance
for this excitation is shown in Fig. 2.21(c), and shows that the resistance remains
above 25Ω, and the array will radiate efficiently at this frequency. However, when
the central three columns (8-10) are excited, the VSWR forms a large spike (with
a maximum value near 6GHz), and the resistance in Fig. 2.21(c) shows a minimum
value of nearly 10Ω. It is clear that a single column of excited elements on each side
of the central column 9 is enough to cause the onset of the common mode resonance,
though at a moderate strength where the resistance remains non-zero. Adding an
additional excited column on each side of this array, resulting in 5 central columns
excited, is shown to strongly induce the common mode, where the VSWR shows the
characteristic large spike in Fig. 2.21(a) and the resistance goes all the way to 0Ω at
fcm in Fig. 2.21(c). As more rows are added, Figs. 2.21(b) and (d) show the common
mode remains strongly excited and stationary in frequency.
Similarly, Fig. 2.22 shows the effects of the array size on the common mode for
an H-plane finite array size on the common mode excitation. Increasing the number
of columns along the H-plane has a similar effect as observed in the E-plane, where
the strength of the common mode excitation increases. Interestingly, the strength
increases slower for the H-plane case due to the weaker mutual coupling along this
dimension. Fig. 2.22(a) shows that exciting the central three columns (8-10) results
in only a small spike in VSWR, with a maximum of 3.1. The resistance in Fig. 2.22(c)
shows the resistance is just under 25Ω. Once the five central columns are excited, the
common mode is strong enough to cause a large VSWR spike and the impedance is
lowered to ≈ 5Ω, and when at least the central 11 columns are excited, the common
mode is seen to reduce the resistance to 0Ω. These results indicate that even small
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Figure 2.21. Onset of common mode resonance in 16E×Infinite array for various
sizes of the excited array along the finite dimension. (a) Broadside VSWR of column
9 for the first 7 columns excited. (b) Broadside VSWR of column 9 for the remaining
9 columns excited. (c) Broadside input resistance of column 9 for the first 7 columns
excited. (d) Broadside input resistance of column 9 for for the last 9 columns excited.
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arrays, with 3-5 or more elements excited along each dimension, will experience the
catastrophic short circuit impedance at the common mode resonance.
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Figure 2.22. Onset of common mode resonance in 16H×Infinite array for various
sizes of the excited array along the finite dimension. (a) Broadside VSWR of column
9 for the first 7 columns excited. (b) Broadside VSWR of column 9 for the remaining
9 columns excited. (c) Broadside input resistance of column 9 for the first 7 columns
excited. (d) Broadside input resistance of column 9 for for the last 9 columns excited.
Finally, the active VSWR distribution versus frequency and column element num-
ber in the finite dimension is shown in Fig. 2.23 for the 16E×infinite and 16H×infinite
configurations with all 16 columns excited. These figures are colormaps, where dark
blue represents a VSWR = 1 and dark red represents VSWR = 6, and the horizontal
58
(a) (b)
Finite E-Plane Dimension Finite H-Plane Dimension
Figure 2.23. The broadside active VSWR at each element (column) in the
16×Infinite tapered dipole array vs frequency. (a) 16E×infinite case. (b)
16H×infinite case.
axis denotes element column number (see Fig. 2.20) and the vertical axis shows the
VSWR distribution vs. frequency. For the simulation with the E-plane aligned with
the finite dimension, Fig. 2.23(a) shows the common mode VSWR spike is strongly
excited near f ≈ 6GHz for all but the edge columns, columns 1 and 16. For the
model with the H-plane aligned with the finite dimension, Fig. 2.23(b), columns 1
and 16 are free of the common mode spike, and columns 2 and 15 show a very weak
excitation of the common mode. Interestingly the width in frequency (∝ 1/Q) of the
common mode resonance broadens as the elements get closer to the edge of the array
in the E-plane, and the width in frequency (∝ 1/Q) narrows as an element approaches
the edges along the H-plane.
This section makes it clear that the common mode resonance is catastrophic at
fcm even in small finite arrays and affects all but the outer-most edge elements,
highlighting the importance of properly controlling fcm in the element design, as
described in Chapters 3 and 4.
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2.4.2 Scanned Behavior
This common mode resonance is excited strongly at broadside where the fields of
the array are in phase at each element. Scanning off broadside in any plane introduces
a phase progression in the fields that, since the fields are no longer in phase at
neighboring elements, reduces the strength of the resonance excitation. Section 2.4.1.2
highlighted the inter-element coupling in the array, and showed how summation of
the inter-element coupling terms could add constructively (in phase), causing the
catastrophic impedance at the common mode frequency, or could add destructively
(out of phase), removing the severe effects of the resonance altogether. Exciting
neighboring elements with the required scan phase progression across the array will
modify the way the coupling terms sum together in a similar manner.
Fig. 2.24 shows the impedance for scanning along the E- and H-planes near fcm of
a single-polarized array with parameters in Table 2.2. At broadside, the impedance
swings through a series resonance with R = 0Ω. As θ increases, the resonance is
excited weakly and the loci quickly contract toward the center of the Smith chart. As
a result, moving fcm above the operating band at broadside implies common mode
free scanning operation. The reason for the disappearance of the common mode can
be explained via Fig. 2.7. At broadside, the effective monopole element radiation
pattern produced by the common mode currents has a null, as shown in Fig. 2.7,
which is a short circuit condition for the common mode that dominates the input
impedance of the element and causes Rin to go to 0Ω. Conversely, the monopole
element pattern is non-zero away form broadside, resulting in a non-zero radiation
resistance for the common mode that no longer dominates the input resistance of the
element.
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Figure 2.24. Impedance variation of the arrays in Figs 2.4 and 2.11 near fcm for
various scan angles over the range of f = 4-6GHz (fcm = 5GHz). (a) E-plane scan.
(b) H-plane scan.
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2.5 Dual-Polarized Type 2 Arrays on a Rectangular Lattice
In dual-polarized Type 2 arrays the topology is altered by the presence of the
orthogonal set of fins. A top view of a dual-polarized unit cell and some impor-
tant dimensions are shown in Fig. 2.25. Because the orthogonal fins provide vertical
grounded conductors that lie exactly in the middle of LD, the common mode described
in Section 2.4 depends on LD2 and is thus shifted to twice the original frequency, well
above the operating band. In this case, the resonant length responsible for the prob-
lematic common mode are the higher order common mode resonant lengths of Section
2.4.1.2, LH and LE. For example, a 3D view of the resonant length LE is shown in
Fig. 2.26 in the dual-polarized array. Based on these resonant lengths, in dual-pol
arrays fcm can be predicted by
fcm ≈ c◦
2
√
r,effD
, (2.6)
where D = min {Dx, Dy}. Once again, the effective relative permittivity, r,eff , is
found using the same weighted volumetric average method as in the single-pol case,
and results in
r,eff =
(2TDx + 2TDy − (2T )2)(r) + (DX − 2T )(DY − 2T )(1)
DxDy
= 1 +
(
2T [Dx +Dy]− 4T 2
DxDy
)
(r − 1). (2.7)
Note that for the dual-polarized arrays, only one of the “higher order” modes is
excited, and it is always the mode with the higher resonance frequency. The reason
for this is illustrated in Fig. 2.27, where an array with unequal element spacings
(here Dx > Dy) shows the two resonant lengths LE and LH . For the longest resonant
dimension (and lowest resonant frequency), in this case LE, the grounded conductor of
the yˆ-polarized element acts like a shorting post and effectively suppresses this mode.
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Figure 2.25. Top view sketch of the rectangular lattice, dual-polarized Type 2 array
of Fig. 2.4.
y
x
z
Excitation
Ports
E
LE
Figure 2.26. Sketch of the resonant common mode electric fields excited in the
rectangular lattice, dual-polarized Type 2 array of Fig. 2.4.
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For the shorter resonant length, LH , the grounded conductors of the xˆ-polarized
elements are spaced far away and do not provide an effective shorting post for this
resonant length, thus there is a resonance seen for the dimension LH but not for the
resonant dimension LE.
y
x
Dx
z
Dy
Excited 
Fin
Grounded 
Fin
LH
LE
LE
Effective shorting 
post for  LE Mode!... ...
...
...
Figure 2.27. Top view of a dual-polarized unit cell with unequal element spacings,
where in this case Dx > Dy. The grounded feed line on the yˆ-polarized elements
is seen to act as an effective shorting post that suppresses the resonance along the
dimension LE, .
Returning to equation (2.6), the common mode now occurs at the grating lobe
frequency fg for dielectric-free arrays, and inside the operating band of arrays with
dielectric. Most practical dual-polarized arrays of balanced radiators with unbalanced
feeding use dielectrics to support the conductors and do have a common mode in-
side the operating band. It is also clear that fcm is shifted to a significantly higher
frequency in dual-polarized arrays than a single-polarized array with the same ele-
ment spacings. For example, Fig. 2.28 shows a comparison of the broadside active
VSWR of single- and dual-polarized unbalanced-fed tapered-dipole arrays, which are
identical in shape and element spacing to the single-polarized tapered-dipoles of Sec-
tion 2.4. The single-polarized array has a common mode resonance near 4.7GHz,
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Figure 2.28. Comparison of the common mode frequency fcm in single- and dual-
polarized Type 2 arrays.
while the dual-polarized array has a resonance near 6.9GHz, near the grating lobe
onset frequency of fg = 7.5GHz. Furthermore, the appearance of the common mode
in dual-polarized Type 2 arrays also depends on the excitation of the polarizations.
Fig. 2.29(a) compares the broadside VSWR of the same dual-polarized array from
Fig. 2.28 when the only one polarization (here the V-polarization) alone is excited
and when both polarizations are excited. When both polarizations are excited, the
common mode is clearly seen near 6.9GHz. However, when only one polarization is
excited, the common mode is seen to by very weakly excited, showing only a very
small spike in the VSWR at 6.9GHz. What is happening is that at the common
mode frequency, the coupling between the polarizations is very high. This is shown
in Fig. 2.29(b), where the coupling coefficient CHV represents the power coupled from
the Vertically-polarized elements into the Horizontally-polarized elements, when all
V-pol elements are excited and all H-pol elements are terminated, and reaches −5dB
at 6.9GHz. Since power is coupled strongly into the other polarization at the common
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mode frequency, the power is not reflected back into the driven element input ports
and gives the illusion that the element is operating without a common mode reso-
nance. This high coupling also explains why the common mode is strongly observed
when both polarizations are excited, since there is no terminated port to absorb the
input power and both polarizations are accepting nearly as much power as they are
producing, resulting in |Γ| → 1. It is important to emphasize that for both cases,
very little power is radiated and the gain will have a severe notch at 6.9GHz.
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Figure 2.29. The affect of element excitation on the common mode resonance in
dual-polarized Type 2 arrays. (a) Broadside VSWR of a Vertically-polarized ele-
ment when only the V-polarization is excited (Horizontal-polarization terminated)
and when both V- and H-polarizations are excited. (b) CHV , the power coupled from
the V-polarized elements into the H-polarized elements.
Finally, Table 2.6 shows good agreement between numerical and theoretical cal-
culations of fcm in this same dual-polarized Type 2 array, with less than 2% error for
various element spacings.
Table 2.6. Theoretical vs. numerical fcm in dual-polarized Type 2 arrays
Dx = Dy 2T r reff Theoretrical Numerical Error
[mm] [mm] fcm [GHz] fcm [GHz]
20 2.0 2.2 1.23 6.77 6.91 2.05%
26 2.0 2.2 1.18 5.32 5.22 1.85%
32 2.0 2.2 1.15 4.38 4.36 0.46%
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2.6 Conclusion
This chapter provided the fundamental theory and phenomenology of the common
modes supported by 2D arrays. A classification of elements based on the type of
common modes they support was presented. This classification is used to highlight
the differences in several main types of common modes. The broadside common
mode is of interest for this chapter, as it is the only common mode supported by
the most promising array type, the Type 2 arrays, when they are fed ubalanced.
This mode was shown to depend on the diagonal plane spacing in the array, and
appears near midband in these arrays. This resonance causes the input resistance
to go to zero, essentially creating a rejection notch inside the band that destroys
the wideband performance. Simple resonant models were developed that allow the
common mode to be predicted analytically, which are shown to be in good agreement
with numerical calculations. In dual-polarized arrays, this broadside common mode
resonance occurs at a higher freuency, closer to the grating lobe onset frequency fg.
Insights from this model can provide design guidelines for moving this resonance
frequency out of band. One solution is to decrease fcm and move it out of band by
increasing either the E- or H-plane spacing of the elements (or both), but since the
element spacings are constrained by the grating lobe onset at Dx and Dy = λ/2, this
option is deemed impractical. Another option is to move the common mode resonance
up in frequency, by decreasing the element spacing. However, minimum spacing is
limited by element size, and small element spacing results in a large transmit/receive
(T/R) module count. Unlike the element spacing, which has an inverse relationship
to fcm, the dielectric constant r,eff has an inverse square root relationship to fcm,
resulting in only a modest shift in resonant frequency for a ∆r,eff . It is clear that
these parameters alone cannot successfully move the resonance out of the operating
band. Chapters 3 and 4 will present a strategy of controlling and ultimately removing
this resonance from the operating band.
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Out-of-band (“higher order”) common modes, mainly occurring near or above
the grating lobe frequency, were also studied and were shown to appear only under
certain excitation conditions in the array. The impact of finite array effects on the
common mode was studied using a 16×Infinite array model, where the common mode
is shown to appear in arrays as small as 3-5 elements per dimension and strongly affect
all of the elements in the array except the those at the edges of the array. Scanning
away from broadside was shown to remove this broadside common mode in all planes.
This is important since this indicates that the common mode will not move down in
frequency as the array is scanned and thus an array that can mitigate this common
mode will have common mode free scanning. The theory in this chapter serves as
the pertinent background for the following chapters that describe the Banyan Tree
Antenna (BTA) and Planar Ultrawideband Modular Antenna (PUMA) arrays, which
offer a solution to this broadside common mode resonance.
68
CHAPTER 3
THE BANYAN TREE ANTENNA (BTA) ARRAY
It was shown in Chapter 2 that an imbalance of currents on the vertical feed lines
in 2D (doubly-periodic) arrays can lead to catastrophic common mode resonances
that destroy the array performance. Avoiding these resonances has, to date, entailed
expensive solutions, such as external wideband baluns and elaborate electrical shield-
ing around the feed lines, which have perpetuated the high cost of UWB arrays. In
response, this chapter presents the Banyan Tree Antenna (BTA) array, which incor-
porates an elegant, low-cost solution that allows common mode free operation over
a wide bandwidth with only a simple modification of the topology. The BTA joins
the “Type 2” family of balanced radiators fed by unbalanced feed lines, which was
highlighted as the most promising low-cost UWB array element type in Chapter 2
since it does not require an external balun or feed line shielding.
Building on the common mode resonance theory developed in Chapter 1, this
chapter demonstrates the effectiveness of a new common mode control scheme that
strategically places shorting strips on the flared arms of the tapered-dipole element.
Elements on single- and dual-polarized rectangular lattices are studied, and a resonant
model is developed for each. An intuitive transmission line model of the shorting strips
is presented, and a new low-frequency loop-mode resonance is modeled that arises
due to the shorting strips and affects the low frequency performance. In addition to
the simple, vertical metallic shorting strips, alternative arrangements are considered,
namely asymmetric placement of the shorting strips, angling of the shorting strips,
and loading of the shorting strips with resistances and reactances. Finally, infinite
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single- and dual-polarized BTA array examples are presented that achieve bandwidths
of close to two octaves with low VSWR out to θ = 45◦ in all planes and cross-pol less
than −10dB in the diagonal plane.
3.1 BTA Topology
Single- and dual-polarized arrangements of the BTA elements on a rectangular,
egg-crate lattice are shown in Fig. 3.1(a) and (b), respectively, and will be focused
on in this work. Elements do not require electrical continuity and are arranged with
gaps between neighbors, allowing for modular construction.
Ground Plane
Element 
Module
Modular Dielectric 
Substrates
Ground Plane
(a) (b)
Figure 3.1. Banyan Tree Antenna (BTA) array arrangements. (a) Single-polarized,
and (b) dual-polarized dual-offset (egg-crate grid).
The topology, along with the main geometric design parameters of the BTA ele-
ment, is shown in Fig. 3.2. Vertical shorting strips connect the radiating fins to the
ground plane, and are the key to controlling the common mode resonance frequency.
These shorting strips resemble the vertical root system of the distinctive Banyan tree,
hence the origin of the array’s name. This chapter focuses on printed BTAs, namely
a single metal layer embedded between two equal thickness dielectric slabs, as shown
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in the side view in Fig. 3.2. Other variations on the fabrication method are possible
and can be found in [100], [101]. An individual element consists of two exponentially
tapered fins with inner and outer flare rates of Ri and Ro, respectively, oriented verti-
cally over a ground plane. Together, the fins effectively form a tapered slot structure
in the void between the fins. However, due to the extremely short length of this
tapered slot (total element height typically < λhigh/2), the fins operate more like fat,
capacitive dipoles with an exponentially flared matching section over a ground plane.
At the aperture of the array the impedance is 300 − 400Ω, the standard aperture
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Figure 3.2. Element topology and main geometrical design parameters of the Banyan
Tree Antenna (BTA) element.
impedance of dipoles over a ground plane. Matching this large impedance to 50Ω
poses a formidable challenge, especially over a wide bandwidth. The exponentially
tapered fins bring the impedance down to ≈ 150− 200Ω, and the short vertical feeds
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act as an integrated impedance matching circuit that allows the input impedance at
the ground plane to be well matched to 50Ω.
The vertical feed consists of a pair of printed strips that form an unbalanced feed
line of length S, where one line is connected to the ground plane, and the other is
fed directly from an unbalanced T-line, i.e. a standard RF interface. Thus, the BTA
connects directly to unbalanced feed network transmission-lines or transmit/receive
(T/R) modules below the ground plane, without the need of an external balun or
hybrid.
The use of unbalanced feed lines is possible because of the additional printed
lines, referred to as shorting strips, which directly short the fins to the ground plane.
One can view this modification as an integrated balun, where co-design of the in-
tegrated balun and antenna leads to better combined performance than that of an
independently designed external balun and antenna.
3.2 Theory of Operation
The BTA has a complex geometry that requires rigorous full-wave numerical anal-
ysis for evaluation and optimization of the array. Nevertheless, a simple approximate
theory has been developed to predict the occurrence of important resonances that
affect the performance as well as to provide physical insight into controlling the BTA
operation.
3.3 Common-mode Control in the BTA Array
3.3.1 Single-Polarized Arrays on Rectangular Lattices
As shown in Chapter 2, modifications of the geometrical parameters or materials in
the traditional unbalanced-fed tapered dipole structure of Fig. 2.4 were unsuccessful
in shifting the common mode frequency out of band. A solution could emerge when
one considers modifying the topology of the element. The goal of such topology
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alteration would be to effectively change the size of the resonant length LD, such
that the common mode is excited out of the operating band. This is done in the
BTA array by inserting shorting strips between the dipole fins and the ground plane,
strategically forcing the vertically-polarized (zˆ-polarized) electric field to be zero at
these locations. Much like the PCB mode suppression vias used to shift troublesome
cavity resonances (Fig. 3.3(b)) out of the desired range, the shorting strips of the BTA
array constrain the resonant fields to smaller resonant lengths, shifting the resonant
frequency upwards and eventually out of the band. A top view of the BTA unit
J J
(a) (b)
Figure 3.3. Mode excitation and mode suppression principles. (a) Fundamental
mode excitation with current source (see Fig. 2.11 for BTA analogy), and; (b) control
of fundamental mode through shorting via.
cell is shown in Fig. 3.4, showing the location of the BTA array shorting strips. It
is clear that the diagonal length LD is now shorter, and the common mode resonant
frequency is approximately
fcm ≈ c◦
2
√
r,eff
√
(Dx − df − dg)2 +D2y
, (3.1)
where df and dg are the distances between the center of the element and the shorting
strips on the fed and grounded fins, respectively, as shown in Fig. 3.2, and r,eff is
the effective permitivitty given by (2.2). For comparison, an exemplary BTA array
design with design parameters shown in Table 2.2 (with the addition of shorting
strips of width δg = δf = 0.3mm) is considered for various shorting strip locations
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Figure 3.4. Top view of a single-polarized BTA array on a rectangular grid. This
mode is used to theoretically predict the common mode frequency.
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Figure 3.5. Variation of the common mode resonance as a function of the shorting
strip position d = dg = df for the single-polarized BTA array with parameters given
in Table 2.2 and with the addition of shorting strips of width δg = δf = 0.3mm.
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Table 3.1. Theoretical vs. numerical prediction of fcm in single-polarized BTA array
d = df = dg Theoretical Numerical Error
[mm] fcm [GHz] fcm [GHz]
(no shorts) 5.01 4.95 1.22 %
2.8 5.75 5.54 3.67 %
4.0 6.08 5.99 1.50 %
5.0 6.34 6.28 0.96 %
6.0 6.58 6.62 0.60 %
7.0 6.78 6.76 0.30 %
d = dg = df , and with Dx = Dy = 20mm. The fins are printed on Rogers 5880
(r = 2.2) of thickness T = 1.0mm. The broadside VSWR for these cases is shown
in Fig. 3.5. As the shorting strip spacing is increased, the frequency of the large
spike in the VSWR due to the common mode resonance increases; in this case, the
common mode is shifted from 4.9GHz to nearly 7GHz. To examine the accuracy of
the common mode theory, the theoretical predictions from (3.1) are compared to the
numerical results in Table 3.1 for various shorting strip locations. The analytic results
are within 4% of the numerical results, showing excellent agreement.
The shorting strips are also successful in removing the common mode under scan-
ning. As discussed in Section 2.4.2, the common mode moves up in frequency and is
excited weakly when the array is scanned off of broadside. Since the shorting strips
move the common mode up in frequency towards the high end of the operating band
in the BTA, any increase in common mode frequency will only push the resonance
further out of the operating band.
Finally, it is interesting to note that the addition of the shorting post to the
excited fin connects this conductor to the ground plane, effectively transforming the
fins from a Type 2 to a Type 1 element that does not support the common mode (see
Fig. 2.1). This insight implies that the common mode can be moved out of band
by only connecting the excited fin to the ground plane (the grounded fin is already
connected to the ground plane). This will be studied in detail in Chapter 4.
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3.3.2 Dual-Polarized Arrays on Rectangular Lattices
The dual-polarized model of Section 2.5 can be modified to account for the shorting
strips of the BTA array. In this new element topology, (2.6) now becomes
fcm ≈ c◦
2
√
r,eff (D − dg − df ) , (3.2)
where D = max {Dx, Dy} and df and dg on each polarization are assumed to be equal.
Table 3.2 shows good agreement between numerical and theoretical calculations from
(3.2) of fcm in a dual-polarized BTA array, using the element parameters of Section
3.3.1. In dual-polarized BTA arrays, the common mode is readily moved out of the
operating band, above fg, since the common mode is already near the high end of
the operating band. In fact, the shorting strips move fcm well above fg, which can
further increase the bandwidth for applications requiring only a limited scan volume.
Table 3.2. Theoretical vs. numerical prediction of fcm in dual-polarized BTA arrays
Dx = Dy df = dg 2T r reff Theoretrical Numerical Error
[mm] [mm] [mm] fcm [GHz] fcm [GHz]
30 2.8 2.0 2.2 1.15 5.13 4.95 3.66%
30 4.0 2.0 2.2 1.15 5.36 5.41 0.77%
30 6.0 2.0 2.2 1.15 5.81 6.02 3.40%
While the shorting strips are effective in controlling the common mode resonance,
their presence affects the operation over the rest of the band, as shown in Fig. 3.5.
The remaining sections discuss the theory of operation over these bands and highlight
design implications and compromises, including alternative shorting strips arrange-
ments.
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3.3.3 Transmission Line Model of Shorting Strips
Having explored the effect of the shorting strips on the common mode resonance
frequency, their impact on the array impedance over the remainder of the band is
now considered using elementary transmission line models.
First, the impedance at the bottom of the fins, which for this model are fed from
an ideal delta-gap source (without vertical feed lines and absent of shorting strips),
is denoted as a complex input impedance Zant. For Figs. 3.7(a)-(d), the tapered-
dipole arms are not a part of the model and are replaced with Zant, though the
dipole arms are shown in the background as light grey to emphasize the impedance
that Zant represents. Next, four distinct transmission lines can be created due to the
vertical unbalanced feed lines and the shorting strips. These transmission lines are
parallel strip transmission lines embedded in a dielectric medium of thickness 2T (the
thickness of the BTA element dielectrics), as shown in Fig. 3.6(a). Much like the
W
d
2Tεrεo
εo
εo
W
d
εr,effεo
(a) (b)
Figure 3.6. Sketch of a parallel strip transmission line. (a) The line embedded in
a dielectric of thickness 2T and relative permittivity r. (b) The line embedded in a
homogenous dielectric medium of r,eff .
simplification applied in the common mode analysis, the parallel strip line is instead
immersed in a homogeneous medium of relative permittivity r,eff , given by Eq. (2.2),
and the resulting characteristic impedance of the parallel strip line becomes, [102],
Zc ≈ η
pi
log
4d
W
, (3.3)
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(a) (b)
(c) (d)
Zant
Zin S
S
S
S
Z2,β2
Z1,β1
Z3
,β3
Z4,
β4
(e)
Figure 3.7. Transmission line models of the BTA. (a) The feed lines are modeled
with transmission-line impedance Z1, and the shorting strips are modeled as three
transmission-lines (b) Z2, (c) Z3, (d) Z4 connected in parallel with the feed lines, as
shown in (e).
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where η = µ◦
r,eff ◦
, d is the center-to-center spacing (“pitch”) of the lines, and W is
the width of the lines. Also, the homogeneous dielectric assumption allows the line
be modeled as a purely TEM transmission line, wth a propagation constant of
β =
√
r,effk◦, (3.4)
where k◦ is the free-space propagation constant. The first transmission line is shown
in Fig. 3.7(a), formed by the currents flowing up and down on the vertical unbalanced
feed lines having an impedance Z1 and propagation constant β1 (found from (3.3) and
(3.4) with the appropriate substitution of the geometry parameters), transforming
the impedance Zant to the input impedance Zin at the ground plane via the standard
transmission line equation
Zin = Z1
Zant + jZ1 tan(β1S)
Z1 + jZant tan(β1S)
, (3.5)
where S is the length of the feed lines, as shown in Fig. 3.2. Fig. 3.7(b) shows
the second transmission line, formed by the currents on grounded feed line and the
shorting strip on the fed tapered-dipole arm, having an impedance Z2 (given by the
geometry parameters and (3.3))and propagation constant β2. This line is a short
circuited stub, with an input impedance Zstub,2 = jZ2 tan(β2S), and is in parallel
with Zant. A second shorted transmission line stub is formed by the differential
currents on the fed feed line and the shorting strip on the grounded dipole arm,
shown in Fig. 3.7(c), and a third shorted stub is formed by the differential currents
on the shorting strips themselves, as shown in Fig. 3.7(d); these stubs have input
impedances Zstub,3 = jZ3 tan(β3S) and Zstub,4 = jZ4 tan(β4S), and are also in parallel
with Zant. A full transmission line model is shown in Fig. 3.7(e), where the lines Z2,
Z3, Z4 are shown in parallel with Zant, and this equivalent circuit is fed via the vertical
feed lines, transmission line Z1. The shorting stubs formed by the strip transmission
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lines are close to a quarter-wavelength at mid-band (λmid/4) in the dielectric (see
Fig. 3.6), appearing as an open circuit at the location of Zant, leaving the impedance
unaffected. Therefore, despite providing a direct DC path between the fins and the
ground plane, the shorting strips do not short out the radiating currents at mid-band
and high frequencies. Note that the three parallel combination of the shorted stubs
reduces equivalent impedance Zeff = Z2//Z3//Z4 of a single effective stub, and thus
if only a single shorting post is used to remove the common mode the impact of the
shorting strips will be reduced (see comment in Section 3.31 and Chapter 4). At
low frequencies, the shorting strip transmission lines are electrically short, and they
behave similar to short circuits in parallel with Zant, thus shorting it out. This results
in the excitation of a resonant loop mode at the low-end of the band that is explained
in the next section.
3.3.4 Low Frequency Loop-mode Resonance
While the upper limit of the operating band of the BTA array is primarily dictated
by the grating lobe frequency, the low frequency limit is dictated by a sharp loop-
mode resonance. This resonance can be seen in Fig. 3.8, which shows the input
impedance of the BTA with and without shorting strips. Without shorting strips,
the impedance at low frequency, fL, starts at an open circuit and moves through
a series first resonance, typical of a dipole antenna. In contrast, for the BTA with
shorting strips the impedance at fL starts at a short circuit and moves through a
first resonance at floop, a parallel resonance typical of a loop antenna. Plotting the
currents on the dipoles at floop, as shown in Fig. 3.9, reveals circulating currents
that form resonance loops. This resonance is a consequence of the shorting strips,
which as explained in Section 3.3.3, provides a low impedance path for currents at low
frequencies, thus allowing a current path to form a resonant loop between elements
along the E-plane. The resonant loops can be seen more clearly by examining a sketch
80
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Figure 3.8. Input impedances of the BTA array with and without shorting strips,
plotted as loci on the Smith Chart over the frequency range of 0.5-8GHz. The markers
are placed every 0.5GHz.
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of the currents on the fins of the BTA at floop, as shown in Fig. 3.10(a). The generator
excites currents on the vertical feed stem, which flow onto the dipole fin section of
the element. The current, instead of continuing to flow along the inner and outer
edges of the dipole fin, is shunted to the ground plane through the shorting strip, and
additional current flows from the top of the dipole fin down into the shorting strip.
On the grounded dipole fin, the currents are similar to those in regular operation,
with currents on the shorting strips and feed lines flowing in the same direction.
Considering image theory in Fig. 3.10(b), two distinct loop paths can be identified as
shown in Fig. 3.10(c). The currents on the two loops share a path along one shorting
strip, resulting in high coupling. The smaller loop, the “driver loop”, resonates at a
frequency well above the operating band (>> fg), and the troublesome resonance is
due to the second, larger loop. This resonant loop is high Q and has a large spike
(ideally infinite in height) in the resistance and a large resonant swing of the reactance
typical of a parallel resonance, as shown in Fig. 3.12. The resonant loop is high Q due
to its the poor radiation efficiency, since the vertical sections of the loop radiate along
the plane of the array with a vertical polarization (thus do not radiate for the same
reason as the monopole currents of the common mode resonance), and the horizontal
arms of the loop, which can radiate, are electrically short at this frequency.
From a loop antenna perspective, these coupled loops can be modeled as shown
in Fig. 3.11, where a small driver loop couples strongly to a large resonant loop. The
capacitive coupling between the ends of neighboring dipole fins is represented by a
lumped capacitance in series with the large resonant loop (two total, due to image
theory). The circuit model in Fig. 3.11 includes an estimate of the circumference of
the resonant loop using known lengths in the element geometry, where half the vertical
height is an average of the total element height H and the height of the shorting strips,
S, and the top and bottom of the loop are approximated by DX−df−dg. As a result,
the approximate length of the loop is expressed as lloop = 2(H+S+Dx− (dg +df )) ≈
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(b) (c)
Figure 3.10. The loop-mode resonance in the BTA array. (a) Current distribution
around the loop-mode resonance (low frequency end of operating band). (b) The
current distribution using image theory. (c) The effective resonant current loop paths
on the fins.
Image
Currents
Dx - (df + dg)
(H + S)
2
Figure 3.11. The loop-mode circuit model consisting of a non-resonant driving loop
(left) coupling energy into a large half-wave resonant loop (right). The estimated
(approximate) loop dimensions are included for reference.
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Figure 3.12. Input impedance of the BTA array with and without shorting strips
(same impedances as plotted in Fig. 3.8).
λloop
2
, and the approximate loop-mode resonant frequency is given by
floop ≈ c◦
4
√
r,eff (H + S +Dx − (dg + df )) − |f(C)|, (3.6)
where |f(C)| is a non-negative function of the capacitance used to account for the
effects of capacitive coupling between neighboring dipole fins. The capacitance “C” in
this correction factor is a function of the element geometry and frequency. Table 3.3.4
shows theoretical and numerical results (Ansoft/Ansys HFSS [99]) predicting floop for
the design of Table 2.2, with the addition of shorting strips of width δg = δf = 0.3mm
at locations dg = df = 3.1mm, printed on Rogers 5880 (r = 2.2) of thickness
T = 0.787mm, and with |f(C)| = 0; the results demonstrate good agreement with
less than 7% error, even without using |f(C)|. A properly chosen |f(C)|, essentially
a calibration that accounts for the inter-element capacitive coupling, can be applied
to the calculations to further reduce the error.
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Table 3.3. Comparison of loop-mode resonance theory with numerical simulation.
Dx S Theoretical Numerical Error
[mm] [mm] floop [GHz] floop [GHz]
15.0 8.00 1.71 1.65 3.64 %
20.0 8.00 1.60 1.53 4.58 %
25.0 8.00 1.51 1.42 6.33 %
20.0 4.00 2.01 2.12 5.18 %
20.0 6.00 1.73 1.84 5.98 %
20.0 12.00 1.18 1.23 4.07 %
20.0 16.00 1.03 0.99 4.04 %
Since (dg + df ) << H + S + Dx, the loop-mode resonance frequency is not a
strong function of the shorting strip separation. However, the loop-mode resonant
width (inversely proportional to the quality factor Qloop) increases directly with df
and dg since the size of the driver loop increases and becomes a more efficient radiator,
decreasing the Qloop of the loop. As a result, for large df and dg a larger frequency
range around floop is affected by the resonance. This is evident in Fig. 3.5, where the
low frequency limit of the operating band increases as the common mode is shifted
upward in frequency. This indicates an inherent compromise between moving the
common mode out of band and maintaining operation at low frequencies. To help
alleviate the low-frequency degradation, strategies for decreasing floop or increasing
Qloop are required.
Equation (3.6) points to three distinct ways of lowering the loop resonance fre-
quency floop, thus increasing the bandwidth. The first is to increase the E-plane
spacing Dx to add length to the loop, but this is a poor option since it also lowers
the grating lobe onset frequency. The second method is to increase the vertical feed
line height S, which can significantly increase the length of the resonant loop, but
this feed line height is critical in obtaining a well-behaved impedance over the band
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and excessively large S adversely affects the performance1. Finally, the third method
is to increase the capacitive coupling between E-plane neighbors, which is primarily
controlled through the separation of neighboring fins, and the area of the fins (e.g.
large values of Ro). However, the minimum dipole fin separation is limited by fab-
rication tolerances and printing constraints. Also, increasing the capacitance must
be done carefully since excessively high capacitive coupling results in large resonant
impedance swings at the second order resonance of the loop mode, which constitutes
itself as a VSWR hump around 3.2GHz in Fig. 3.5. Among these methods, it was
found that the width of the feed lines Wg and Wf , the height S of the fins over the
ground plane, and some alternative shorting strip arrangements discussed in Section
3.3.5 could provide good design compromises.
3.3.5 Alternative Shorting Strip Arrangements
Thusfar, only simple straight, symmetrically located vertical shorting strips have
been considered. However, the printed nature of the elements allows arbitrarily-
shaped shorting strips that could include lumped and distributed components. This
section will explore some alternative shorting strip arrangements, in part motivated
by the desire to further reduce the resonant frequency of the loop-mode discussed in
Section 3.3.4.
3.3.5.1 Asymmetric Shorting Strip Locations
The first variation considered uses an unequal shorting strip spacing on the fed and
grounded dipole fins df and dg, respectively. Note that for asymmetric placement of
the shorting strips, (3.1) remains valid. To demonstrate the effect of this modification
on the broadside active VSWR, three example cases are shown in Fig. 3.13(a), where
the shorting strips are placed symmetrically with df = dg = 3.5mm, asymmetrically
1In particular, when the total height of the tapered-dipoles is approximately λ/2, an additional
resonance is excited, and increasing S will move this resonance down into the operating band.
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with df = 3.5mm and dg = 6mm, and asymmetrically with df = 6mm and dg =
3.5mm. In the latter two cases, fcm occurs at the same frequency, since the overall
separation between the two shorting strips (df + dg) is equal, and thus the overall
circumference of the resonant loops are equal as shown in Fig. 3.14 where L1 = L2.
However, Fig. 3.14(a) shows that when df is equal to 6mm, the low frequency limit
increases and the match worsens over the low frequencies. Conversely, when dg is
increased to 6mm, the match improves at the low frequencies. At this time there
is no clear explanation for why the low frequency limit is so different despite the
identical resonant loop sizes.
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Figure 3.13. Effect of shorting strip asymmetry on the broadside active VSWR of
the single-polarized BTA array.
More importantly, Fig. 3.13 shows the co- and cross-polarization levels when the
element is scanned to θ = 45◦ in the D-and H-planes, which for this asymmetric
shorting strip placement will have the worst cross-polarization levels due to a lack
of element symmetry in these planes. All three cases show approximately the same
cross-polarization levels, within 1-2dB of one another; thus, the asymmetric shorting
strips do not incur penalties in the cross-polarization. The better-optimized single-
88
. . .
. . .
. . .
. . .
. . .
. . .
. . .
. . .
L1 L2
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Figure 3.14. Sketch of the loop-mode currents on the dipole fins at floop with
asymmetrically placed shorting strips. (a) Asymmetric shorting strip locations: df =
6mm and dg = 3.5mm. (b) Asymmetric shorting strip locations: df = 3.5mm and
dg = 6mm.
polarized design presented in Section 3.4.1 uses asymmetric shorting strips, and also
shows good cross-polarization behavior.
3.3.5.2 Angled Shorting Strips
The second arrangement considered rotates the rectangular shorting strips off of
the vertical axis. Three exemplary designs are shown in Fig. 3.16(a)-(c). Case I is
a baseline vertical shorting strip design, case II has the shorting strips rotated −20◦
off the vertical axis, and case III has the shorting strips rotated +20◦ off the vertical
axis. To provide a meaningful comparison in performance between the three cases,
Fig. 3.16(d) shows the active broadside VSWR with the shorting strips adjusted such
that all three designs have the same common mode frequency fcm (marked with a
vertical black line).
It is clear that the vertical shorting strip arrangement (case I) has the highest
low-frequency limit flow, near f = 2.8GHz. Conversely, the element with the shorting
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Figure 3.15. Effect of shorting strip asymmetry on the radiated co- and cross-
polarized powers for the single-polarized BTA array. (a) D-plane θ = 45◦ scan. (b)
H-plane θ = 45◦ scan.
strips rotated 20◦ (case III) has the lowest flow, at f = 2.3GHz. This difference in flow
is due to the larger effective resonant length of the loop-mode for case III, as discussed
in Section 3.3.4. Case II has an flow in between case I and case III, since the angled
shorting strips produce a slightly larger loop-size than case I, but the shorting strips
connect further out on the fins than case III, thus resulting in a smaller loop size.
While this change in flow may seem small, it has a significant impact on the fractional
bandwidths. Considering the bandwidths of each element for VSWR ≤ 3, where all
three cases share an upper frequency limit of fhigh = 6GHz, case I has a bandwidth
of 2.1:1, case II has a bandwidth of 2.4:1, and case III has a bandwidth of 2.6:1.
3.3.5.3 Shorting Strip Loading
This section investigates the traditional straight, vertical shorting strips with an
impedance ZS placed in series with each shorting strip, as shown in Fig. 3.17. For
all cases considered, HS is adjusted to place ZS close to the dipole fins, and studies
have shown HS to have a negligible effect on the performance.
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Figure 3.16. Comparison of the broadside VSWR performance of three different
shorting strip configurations. (a) Element with simple vertical shorting strips (case
I). (b) Element with shorting strips rotated −20◦ (Case II). (c) Element with shorting
strips rotated +20◦ (Case III). (d) Broadside VSWR of all three cases.
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4mm 4mm
Zs Zs
HS
Figure 3.17. Front view of BTA with an impedance ZS in series with each short
post, located at a height HS. Dx = Dy = 20mm.
+jX+jX -jX -jX -jXR
Ferrite
Bead
Resistance Inductance Capacitance
(a) (b) (c)
Figure 3.18. High-frequency implementations of the resistive and reactive loading of
the shorting strips. (a) Resistive loading through ferrite bead loading. (b) Distributed
inductive loading with a narrow, high impedance line and a meandered narrow line.
(c) Distributed capacitive loading with interdigited capacitors, parallel-plate capaci-
tors, and proximity coupling.
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The simulation data uses ideal impedances that have a zero electrical length and
incorporate no parasitic impedance effects. In practice, lumped elements could be
used to realize these impedances at low frequencies. At high frequencies, Fig. 3.18
shows example loading techniques: lossy absorber or ferrite materials could realize a
resistive loading; interdigited capacitors, parallel-plate structures, or proximity cou-
pling could be used to implement capacitive loading; and meandered lines or very
narrow, high impedance lines could be used to implement inductive loading.
Despite the ideal implementation of ZS, these studies provide important practical
insights. Namely, it will be shown that for properly chosen values, the L and C
loading cases perform almost identically, whereas the resistive loading is shown to
diminish the efficiency and should be avoided.
1.) Resisitive Loading
It is well known that adding a resistance to a circuit or antenna can often tame
troublesome resonances by decreasing the quality factor Q of the structure. In UWB
array practice, this approach has been investigated by modifying the element [36,38],
or modifying the ground plane [60,61]. However, this typically comes at a steep price,
where the increased loss reduces the radiation efficiency and increases the antenna
temperature TA. Adding a resistance to the shorting strips of the BTA array is no
exception. Fig. 3.19(a) shows the broadside VSWR for various resistance values
ZS = R + j0. The shorting strips are located at dg = df = 4mm, where a regular,
unloaded shorting strip produces an fcm = 6GHz. For small values, R ≤ 1Ω, the
performance is nearly identical to the unloaded shorting strip, since the loss is very
low. When R increases to 10Ω and then 20Ω, the spike in the VSWR near 6GHz is
reduced to 3.6 and then disappears, giving the impression that the common mode
is being removed altogether. However, Fig. 3.19(b) shows that the radiated power
is still < −8dB at 6GHz, where the power is absorbed in the resistor instead of
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being radiated or reflected back into the source. The radiated power is also seen
to decrease near 2.2GHz, indicating increasingly poor low-frequency efficiency. This
decreased efficiency makes it clear that resistive loading on the shorting strips—or
anywhere else on the elements (such as in the Bunny Ear elements of [37, 38])—
should be avoided completely, as this reduces the array’s gain and power-handling
and increases the noise figure of the array.
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Figure 3.19. Resisitve loading of the BTA array shorting strips in a single-polarized
array, with ZS = R + j0. (a) Broadside active VSWR. (b) Broadside co-polarized
radiated power.
2.) Reactive Loading
Placing a reactance in series with the shorting strip introduces significantly less
loss than the resistances, where the small (if any) loss comes from the non-ideal
parasitics of the lumped elements or conductive losses. As a result, for typical cases
the efficiency is not affected.
Intuition suggests that a series inductance could effectively lengthen the loop-
mode path, and improve the low frequency performance. Fig. 3.20(a) shows the
broadside VSWR for various inductor values. For small indutances, L ≤ 1nH, the
performance is approximately the same as the unloaded shorting strip case. At 5GHz,
94
L = 1nH has a series impedance of approximately |XL| = ωL = 31Ω, and shows
the performance beginning to deviate from the unloaded case, indicating a series
impedance of j31Ω is approximately the upper impedance limit where the shorting
strips are effectively connected to the dipole fins and are able to properly short the
vertically-polarized electric field of the common mode resonance. For L ≥ 10nH,
where at 5GHz |XL| ≥ 310Ω, the shorting strips are effectively disconnected from the
fins (due to the large series impedance). The VSWR for the L = 10nH case has a
common mode resonance at approximately the same frequency as the case without
shorting strips, confirming that the shorting strips are no longer effective in controlling
the common mode. The additional resonances for this case are due to the shorting
posts that now effectively disconnected from the fins with a high series impedance
and form new resonance lengths inside the unit cell. Thus, inductances should be
avoided since they only disrupt the shorting strip operation and offer no practical
fabrication advantages. Additionally, the series inductances are low-pass structures,
as shown in Fig. 3.21, where the insertion loss (IL) increases with frequency. As a
result, a particular inductor value may provide a low series impedance (low IL) at
fcm1, but if the common mode is shifted up in frequency to fcm2 due to changes in
the parameters or scanning away from broadside the inductor may have a high series
impedance (high IL) that effectively disconnects the shorting strips from the dipole
fins and the common mode could appear.
Conversely, design intuition would suggest that an increased capacitive loading
may reduce the loop-mode resonant path length, by increasing |f(C)| in (3.6). Fig.
3.20(b) shows the broadside VSWR for various capacitor values. For very small ca-
pacitances, C ≤ 0.01pF, the impedance at 5GHz is |XC | = 1ωC ≥ 3kΩ, effectively
disconnecting the shorting strips from the fins, and much like the inductor case mul-
tiple resonances result. As C increases to 160pF, where |XC | ≈ 0.2Ω, the performance
converges to that of the unloaded case, showing that an impedance on the order of
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Figure 3.20. Effect of reactive loading in series with the shorting strips on the
active broadside VSWR of a single-polarized BTA array. (a) Inductive loading. (b)
Capacitive loading.
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Figure 3.21. Illustration of the low-pass and high-pass nature of the series capacitor
and inductor and their series insertion loss at two exemplary fcm.
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0.2Ω or less provides a proper connection of the shorting strips to the fins. As shown
in Fig. 3.21, the capacitors are high-pass in nature and thus if a capacitor value
provides a low series impedance (low IL) at a mid-band fcm1 and effectively con-
nects the shorting strips to the dipole fins, it will continue to provide a low series
impedance even if the common mode is shifted to fcm2 and will prevent the common
mode resonance from reappearing. This provides robust common mode suppression.
Additionally, the capacitors could provide a fabrication benefit where the shorting
strips do not need to be connected to the ground plane directly. For example, the
tapered dipole fins could be printed without shorting strips and instead be arranged
to have strong capacitive coupling with nearby posts or other metallic structures that
could serve the same function as the shorting strips. An example of this technique is
the BAVA array with a capacitive “U-channel” [35] that effectively acts as a shorting
strip that moves the common mode above the operating band.
Overall, the loading cases presented in this section indicate a binary behavior
where the loading either acts as a low impedance connection between the shorting
strips and the fins or as a high impedance connection that effectively disconnects the
shorting strips from the dipole fins. As a result, only the capacitor loadings are an
effective choice since they offer some fabrication benefits over the traditional directly
connected shorting strips.
3.4 Infinite Array Design Examples
The theory developed in the previous sections leads to unique physical insights
that can be used (along with the tuning via full-wave analysis) to design a single- and
dual-polarized BTA array operating over the band of 2-7.5GHz. It is noted that no
extensive bandwidth optimization was attempted and it is believed that the band-
width enhancement techniques described in [34] can be readily applied in the BTA.
All numerical results were obtained using infinite array analysis with Ansys/Ansoft
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HFSS 11 [99]. All results are referenced to a 50Ω waveport impedance, and use real
dielectric materials, but infinitely thin perfect electric conductors. A 1.6λhigh (where
λhigh is the wavelength at high frequency, f = 8GHz) long air box terminated with
a λhigh/4 thick perfectly matched layer (PML), [103] is used in the simulations. The
air box has periodic boundaries on all side walls to infinitely repeat the unit cell in
the xˆ- and yˆ-directions.
3.4.1 Single-Polarized BTA Array
A simple rectangular grid, similar to that depicted in Fig. 3.1(a), is utilized for
the single-polarized BTA array. The array element is depicted in Fig. 3.2 where the
E-plane element spacing is Dx = 2cm, and the H-plane spacing Dy = 1.5cm. This grid
leads to a grating lobe onset frequency of fg = 7.5GHz (assuming scan at θ◦ = 90◦)
in the E-plane, and fg = 10GHz in the H-plane. The elements are printed on Rogers
5880 dielectric (r = 2.2), and a detailed description of the element dimensions can
be found in Table 3.4.
The loop mode resonance described in section 3.3.4 has a Qloop that decreases
as dg and df are increased, and thus df and dg should be minimized when possible.
In addition, the shorting strips are not symmetrically arranged on each fin of the
element. Instead, the shorting strip on the fed fin is located at df = 3.5mm from the
center, while the shorting strip on the grounded fin is located at dg = 6.5mm.
Table 3.4. Dimensions of the single-polarized BTA array of Section 3.4.1
Dx [mm] Dy [mm] F [mm] T [mm]
20.00 15.00 19.25 0.79 (31mil)
dg [mm] df [mm] δg [mm] δf [mm]
6.40 3.50 0.25 0.25
H [mm] S [mm] Wf [mm] Wg [mm]
25.25 12.00 2.70 2.70
G [mm] Ri [mm
−1] Ro [mm−1] τ [mm]
0.10 0.10 -0.70 2.00
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Figure 3.22. Broadside active impedance of the optimized single-polarized BTA
array. The 2:1 VSWR circle is plotted to highlight the matching of the impedance.
The impedance locus plotted from 1.75-7.75GHz with markers every 0.25GHz.
3.4.1.1 Scan Impedance
The broadside active impedance of this array is shown in Fig. 3.22. At low
frequencies the impedance locus is located at the edge of the 2:1 circle on the Smith
chart, and overall shows a mostly capacitive impedance over the band. A short
impedance transformer could be used below the ground plane to improve this match
by rotating the locus further into the 2:1 circle, but is not used for these designs. The
infinite array active VSWR performance of the single-polarized BTA array is shown
in Fig. 3.23, at scans out to θ = 45◦ in the E- and H-planes (note that the vertical
lines at 2 and 7.5GHz indicate the edges of the operating band). The impedance
is well behaved with scan, exhibiting the highest VSWR when scanned to θ = 45◦,
VSWR < 2.2, in the E-plane, while the maximum VSWR = 2.9 in the H-plane. The
higher VSWR in the H-plane is typical for this type of element. Although not shown
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Figure 3.23. Active VSWR vs. frequency and scan angle of the infinite single-
polarized BTA array. (a) E-plane, and (b) H-plane. The D-plane impedance (not
shown here) is approximately the average of the two.
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here, the D-plane VSWR results are an approximate average of the principal plane
VSWRs.
3.4.1.2 Cross-Polarization
Infinite arrays radiate a discrete spectrum of plane waves (Floquet modes), and
the main lobe of radiation can be decomposed into two orthogonally-polarized plane
waves propagating in the scan direction. In order to define the radiated power carried
by these polarizations, a surface S is defined some distance from the array, which
extends across the unit cell with dimensions Dx ×Dy and is oriented parallel to the
ground plane. The co- and cross-polarized radiated powers per unit cell area are
found by integrating the Poynting vector over the surface S using the relationships
Pco =
1
2
Re

∫
S
~Eco × ~H∗co · ~dS
 , (3.7)
and
Pcross =
1
2
Re

∫
S
~Ecross × ~H∗cross · ~dS
 , (3.8)
where the field components are defined using Ludwig’s third definition of co- and cross-
polarization at an arbitrary scan angle (θ, φ), [104]. The polarizations are defined
via a pair of unit vectors iˆcross and iˆco, which correspond to the orientations of the
E-fields for each polarization. For a yˆ-polarized source, the co-polarized electric field
~Eco is found by taking the dot product E˜co = ~E · iˆco, where in rectangular coordinates
the unit vector is defined as, [104],
iˆco = −(1− cos θ) sinφ cosφiˆx + {1− sin2 φ(1− cos θ)}ˆiy − sin θ sinφiˆz. (3.9)
The co-polarized magnetic field ~Hco is the orthogonal field component to E˜co, and
is readily found via H˜co = −~H · iˆcross (for Ludwig’s third definition, the “co” and
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“cross” polarizations are orthogonal for all angles, thus the co-polarized magnetic field
has the same orientation as the cross-polarized E-field, though with a sign difference).
Similarly, the cross-polarized electric field is found by taking the dot product E˜cross =
~E · iˆcross, where the unit vector is defined as
iˆcross = {1− cos2 φ(1− cos θ)}ˆix − (1− cos θ) sinφ cosφiˆy − sin θ cosφiˆz. (3.10)
Once again, the cross-polarized magnetic field ~Hcross is the orthogonal component to
~Ecross and is found via the relation H˜cross = ~H · iˆco. The cross-polarization of the
array element is estimated by taking the ratio of these radiated powers. The co- and
cross-polarized radiated powers per unit cell are shown in Fig. 3.24 vs. frequency for
scanning in the E- and D-planes, plotted in dB and normalized to the incident power
at the input port; therefore, these levels include mismatch losses.
For broadside, the co-polarized power is less than 1dB down from the input power
over the full frequency band, indicating high efficiency. The co-polarization level is
shown to slightly decrease near 3GHz, where the VSWR approaches 2 (an impedance
match of VSWR= 2 has an insertion loss of 0.5dB due to mismatch). Higher de-
creases in the co-polarized power are observed when scanning out to wide angles
due to increased impedance mismatch. When scanning along the E-plane, the cross-
polarization is well below -50dB, since this plane preserves symmetry and the currents
on the vertical feed lines radiate the same polarization as the currents along the fins.
Scanning along the D-plane shows higher cross-polarization levels since the vertical
components of the current on the feed lines and fins radiate power that is orthogo-
nally polarized to the main beam, substantially adding to the cross-polarization level.
Maximum levels of approximately −10dB cross-pol are observed at θ = 45◦ in the
D-plane. A theoretical analysis indicate the best case cross-polarization of single-
polarized dipoles over a ground plane to be −15dB at θ = 45◦ in the D-plane, [56].
Exciting the tapered dipole fins with a delta-gap shows the cross-polarization to be
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Figure 3.24. Co- and cross-polarization radiated power per unit cell vs. frequency
and scan angle of the infinite single-polarized BTA array. (a) E-plane; and (b) D-
plane. The H-plane polarization levels (not shown here) are approximately the same
as the E-plane.
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closer to −15dB, indicating the vertical feed lines are in fact radiating a small amount
of power that is contributing to the higher cross-polarization level. The H-plane, al-
though not shown here, is below -20dB for all angles.
3.4.2 Dual-Polarized BTA Array
Next, an egg-crate, rectangular grid dual-polarized BTA array is analyzed, as
shown in Fig. 3.1(b). The design is based upon the single-polarized element of section
3.4.1 with some modifications due to both mechanical and electrical considerations
introduced by the dual-polarized arrangement. The element spacing is equal in both
planes, chosen as Dx = Dy = 2cm with a grating lobe onset frequency of fg =
7.5GHz. The elements are printed on Rogers 5880 dielectric (r = 2.2), and a detailed
description of all design parameters is shown in Table 3.5. The shorting strips are
now symmetrically placed on each of the element fins, with df = dg = 3.5mm. This is
possible since the dual-polarized arrays have an fcm that occurs at a higher frequency
than in the single-polarized arrays.
3.4.2.1 Scan Impedance
Fig. 3.25 shows the coupling between the two polarizations (H- and V-polarizations)
was found to be very low, better than -20dB in the principle planes and -15dB in the
D-plane out to θ = 45◦. The coupling increases at the low frequency end of the
Table 3.5. Dimensions of the dual-polarized BTA array of Section 3.4.2.
Dx [mm] Dy [mm] F [mm] T [mm]
20.00 20.00 18.40 0.79 (31mil)
dg [mm] df [mm] δg [mm] δf [mm]
3.20 3.20 0.25 0.25
H [mm] S [mm] Wf [mm] Wg [mm]
22.50 9.00 2.00 2.50
G [mm] Ri [mm
−1] Ro [mm−1] τ [mm]
0.10 0.10 -0.65 0.00
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Figure 3.25. Coupling from the Vertical to the Horizontal polarization in the dual-
polarized BTA array, where CHV is the coupling coefficient that represents the power
coupled form the V-pol elements into the H-pol elements.
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Figure 3.26. Active VSWR vs. frequency and scan angle of the infinite dual-
polarized BTA array. (a) E-plane; and (b) H-plane. The D-plane impedance (not
shown here) is approximately the average of the two.
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band, due to the skirt of a strong coupling near f = 1.6GHz, which is due to the low
frequency loop-mode of Section 3.3.4 (here floop = 1.6GHz).
As a result of this low coupling, all of the impedance and polarization results of
this section are calculated with one polarization excited and the other terminated
in 50Ω. Fig. 3.26 shows the infinite array active VSWR performance, with the yˆ-
polarized elements excited and the xˆ-polarized elements terminated in 50Ω loads. The
D-plane VSWR is approximately an average of the principle plane VSWRs, thus are
omitted. The E-plane VSWRs have a VSWR < 2.0 over all scan angles, for the full
band of 2-7.5GHz (3.75:1 bandwidth). Along the H-plane, the VSWR again shows
the characteristic increase with θ, reaching a maximum VSWR = 2.8 at 3GHz.
3.4.2.2 Cross-Polarization
The co- and cross-polarization levels for the dual-polarized BTA array are plotted
in Fig. 3.27 for scanning along the E- and D-planes. These powers were calculated
using the same method as described in Section 3.4.1.2. The yˆ-polarized elements are
excited and the xˆ-polarized elements are terminated in 50Ω loads. As in the single-
polarized BTA, the efficiency of the dual-polarized array is very high, decreasing
slightly near 3GHz due to the mismatch loss of 0.5dB at VSWR = 2. This high
efficiency further emphasizes the very low coupling of power between the xˆ- and
yˆ-polarized elements.
The E-plane scan has the best cross-polarization performance, with levels between
-27dB and -40dB. The H-plane (not shown here) had similar cross-polarization behav-
ior with levels below -25dB. The D-plane exhibits higher cross-polarization levels than
the principle planes and it is approximately 5dB lower than the single-pol BTA of
Section 3.4.1.2. These observations are consistent with those reported in [105], which
found single-polarized arrays to have a higher change in their polarization state when
they are scanned away from broadside, as compared to dual-polarized arrays.
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Figure 3.27. Co- and cross-polarization radiated power vs. frequency and scan angle
of the infinite dual-polarized BTA array. (a) E-plane; and (b) D-plane. The H-plane
polarization levels (not shown here) are approximately the the same as the E-plane.
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3.5 Conclusion
The Banyan Tree Antenna (BTA) array described in this chapter achieves a wide
bandwidth over a wide scan volume, while maintaining good polarization purity.
The array uses modular, low-profile, vertically-integrated PCB elements that are fed
directly by standard unbalanced RF interfaces. The conception of the array was based
on insights gained from the simple resonant models developed in Chapter 2, which
were developed to predict the common mode resonance encountered in balanced dipole
fin arrays fed by unbalanced feeds (Type 2 arrays). The BTA array uses shorting strips
that connect each dipole fin to the ground plane, tuning the common mode out-of-
band. This topology modification can be thought of as an internal balun or as a clever
way to convert the Type 2 array into a Type 1 array, which when designed carefully
does not suffer from common modes. Besides controlling the common mode, the
addition of the shorting strips has other performance implications that were described
using simple models that provide insight into the low frequency operation and offer
design guidelines. Various shorting strip arrangements were studied, and showed some
benefits of rotating the shorting strips and asymmetrically arranging them on the
dipole fins. Loading of the shorting strips via resistances and inductances was shown
to have negative or little effects on performance, respectively. Capacitive loading was
shown to offer some fabrication benefits and robustly preserves the common mode
suppression. The developed theory led to the design of a single- and a dual-polarized
infinite BTA arrays with 3.75:1 bandwidths out to θ = 45◦. The maximum cross-
polarization level at θ = 45◦ in the D-plane was -10dB and -14dB for the single- and
dual-polarized designs, respectively.
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CHAPTER 4
THE PLANAR ULTRA-WIDEBAND MODULAR
ANTENNA (PUMA) ARRAY
This chapter introduces the second new array that is the cornerstone of this work
and builds on the discussions in Chapters 2 and 3 on the common-mode resonance
and its control. The Planar Ultrawideband Modular Antenna (PUMA) array is the
first truly planar UWB array that is modular and readily connects to standard 50Ω
RF interfaces, [106, 107]. The array is based on tightly coupled dipoles above a
grounded dielectric, which are fed by unbalanced feed lines (plated vias) and shorting
vias, allowing the entire array to be fabricated as a multilayer PCB and assembled
as modular tiles.
After discussing the details of the array topology, theory will be presented that
lends insight into the array behavior and provides design guidelines. First, the wide-
band behavior of ideally-fed tightly coupled dipole arrays over a grounded dielectric
slab is briefly discussed, and an analysis of the input impedance level highlights the
challenges of matching these arrays to standard 50Ω systems. Since this discussion
assumes ideal gap sources at the center of each dipole, a small section on various prac-
tical feed considerations is presented. Much like the BTA array, the PUMA array is
based on unbalanced feeding; since Chapters 2 and 3 contain an in-depth analy-
sis of the common-mode, only a basic treatment is provided in this chapter for the
common-mode in dual-polarized tightly coupled dipole arrays and in the PUMA ar-
ray. In contrast with Chapter 3, this chapter focuses on the low-frequency loop-mode
in dual-polarized arrays, which causes high inter-polarization coupling and cross-
polarization levels. As mentioned above, the PUMA array consists of a multilayer
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PCB, i.e. a stratified grounded dielectric slab, which can support surface waves. A
theoretical analysis is presented that demonstrates the excitation of scan blindnesses
inside the desired scan volume (θ ≤ 45◦) of a typical PUMA array. A simple solution
using drilled holes in the region between the orthogonal dipoles in the dielectric is
presented, and theoretical and numerical results demonstrate the effectiveness of this
method on moving the scan blindnesses out of the desired scan volume. Various inter-
element capacitor geometries are discussed, with a focus on interdigited capacitors
and parallel-plate capacitors, the latter of which is shown to have key performance ad-
vantages. Since one of the attractive features of the PUMA is its modularity, a study
is presented that quantifies the effects of gaps between the modular tiles, demonstrat-
ing that the array is electrically robust when modular. This modularity feature is
further demonstrated in Chapter 5, where a high frequency prototype was fabricated
and assembled, demonstrating a tight spacing between modules. Finally, the chap-
ter concludes with the presentation of an exemplary 5:1 dual-polarized PUMA array
design that utilizes a unique backplane matching network, and has a VSWR<2.1 at
broadside, VSWR<2.9 out to 45◦ scan in the H-plane, and approximately −15dB
cross-polarization at θ = 45◦ in the D-plane.
4.1 Topology
Though the PUMA array can be implemented in either single- or dual-polarized
versions, this work focuses on the dual-polarized form. A 3D view of the topology is
shown in Fig. 4.1(a), and shows that the radiating layer consists of printed tightly
coupled dipole radiators embedded in a dielectric strackup, with dielectrics below and
above the radiators. The bottom layer is a PTFE dielectric material that can support
plated vias, which are shown below the elements, and are used to implement the feed
lines of the array and a shorting posts to control the common-mode of Chapter 2.
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This allows the entire array (radiating elements and feed lines) to be fabricated as a
single microwave multilayer PCB, making this the first truly planar UWB topology.
A thin layer of PTFE substrate material, r2, is placed above and below the
dipole layer, shown in Fig. 4.1(b), which provides a printable substrate and increases
the power handling of the array [108] by preventing dielectric breakdown between
capacitor gaps. An electrically thick (t ≈ λmid/4) cover layer with low permittivity
(1 ≤ r1 ≤ 2.2) is used for wideband tuning and acts as a wide angle impedance
matching (WAIM) layer, [109]. The bottom dielectric layer, r3, with thickness d ≈
λmid/4 ( where λmid is the wavelength at mid-band), is also a low permittivity (1 ≤
r3 ≤ 2.2) PTFE material that can support plated vias that form the feed lines and
shorting posts, as discussed next.
Together, the dipole elements, ground plane, and dielectric layers provide wide-
band performance, based upon Munk’s implementation of Wheeler’s current sheet
using horizontal tightly coupled dipoles above a ground plane, [44]. It is important to
highlight that although the aperture layer of the PUMA is indeed based on Munk’s
tightly coupled dipoles, the two apertures have a significantly different topology for
achieving the capacitive coupling. In Munk’s case, the elements are center-fed and
are on a coincident-phase lattice, whereas in the PUMA array they are fed in a dual-
polarized, dual-offset arrangement. The implication of that difference is that Munk’s
dipole-to-dipole capacitance happens between the co-polarized elements, whereas in
the PUMA the coupling happens between orthogonally polarized elements. However,
the principle novelty of the PUMA is in the feeding of the dipole layer. The pro-
posed feeding scheme consists of simple plated vias that are used to implement the
unbalanced feed lines (used to bring the signal and ground to the dipole arms) and
one or two shorting posts (used to eliminate the common-mode that was discussed
in Chapter 2) and are depicted in the cross-sectional view of a PUMA unit cell in
Fig. 4.1(b), which shows the unbalanced feed and the shorting vias. This fundamen-
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Figure 4.1. The PUMA array topology. (a) Isometric view of a 2×2×2 PUMA
module with exploded dielectric cover layers. (b) Cross-sectional view of a unit-cell,
showing the location where a module split occurs. (c) Top view of dipole layer.
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tal change in topology allows unbalanced feed lines to be utilized without exciting
the catastrophic common-mode resonance found in 2D unbalanced fed arrays [101].
The unbalanced feed lines readily connect to standard 50Ω interfaces (coax, stripline,
microstrip, CPW, etc.) without an external balun. More importantly, this feeding
method avoids “cable organizers” (as shown in Fig. 4.9(a)), because the unbalanced
feed lines do not support the scan-induced common-modes typical of balanced fed
arrays.
Finally, the radiating layer of the PUMA array is comprised of printed dipoles
in a dual-offset dual-polarized lattice with strong capacitive coupling between cross-
polarized elements, as shown in Fig. 4.1(c). Though the dipoles in this figure are
depicted with interdigited capacitors between the orthogonal dipoles, it will be elab-
orated on in detail in Section 4.3.1 that more effective parallel plate capacitor imple-
mentations are possible. Finally, in addition to the unbalanced feed arrangement, the
dual-offset, dual-polarized offset (egg-crate) lattice allows for aperture modularity.
As shown in Figs 4.1(b) and 4.2, arbitrarily-sized array modules can be formed by
intersecting planes passing between the feed line vias, therefore a PUMA array can
be built and assembled modularly.
4.2 Theory
The PUMA array’s wideband performance depends on careful tuning of its com-
plex structure, and design is carried out using full-wave numerical analysis; neverthe-
less, key physical models are presented to develop insights and design strategies.
4.2.1 Tightly Coupled (Capacitive) Dipoles Over a Ground Plane
As early as 1968, Staiman, in [110], recognized that closely spaced dipole elements
placed over a ground plane exhibit wideband impedance characteristics. There are
two reasons this paper is not cited more often for the tightly coupled dipole arrays:
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Figure 4.2. Top view of the dual-offset, dual-polarized (egg-crate) PUMA array
lattice, showing two of the many possible module sizes, 1×1×2 and 2×2×2, where
the module split locations are shown dashed. Circles indicate feed line vias.
1.) he was developing the dipole array for spatial power combining, and thus the
paper was published in IEEE Journal of Solid-State Circuits, as opposed to IEEE
Transactions on Antennas and Propagation, and was thus likely missed by many in
the antenna community; and 2.) the broadband behavior of the dipoles, though
mentioned in both the abstract and conclusion, is only briefly commented on in the
paper itself and even then almost as a curiosity, where he states that the array could
achieve a low VSWR over an octave or more of bandwidth were impedance matching
utilized to match the very high input impedance.
This concept was revisited by Munk in 2003, [44], where he developed the wide-
band tightly coupled dipole array (later renamed Current Sheet Antenna (CSA) array
by Harris Corp. [46]), using tightly coupled printed horizontal dipoles arranged over
a ground plane. The dipoles were intended to create lines of current across the array
that approximate Wheeler’s ideal current sheet, [45], a theoretical sheet of current
excited by sources spaced infinitely close together that results in an input impedance
with a stable resistance and no reactance (and thus “infinite” bandwidth). Wide
bandwidth is accomplished with the dipoles by using the inductance of the ground
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plane to compensate for the capacitance of the dipoles. A brief summary of the
ground plane and dielectric cover principles are presented here, but since this is not
the main focus of this work, the reader is referred to [43] for a more detailed discussion
and extensive numerical simulation examples.
4.2.1.1 Ground Plane Inductive Compensation
This section will outline the basic principles of the inductive ground plane compen-
sation of the capacitive dipoles, using an insightful transmission line model developed
by Munk [43] First, however, it is helpful to show the challenges associated with the
feeding of tightly coupled dipole arrays on a grounded dielectric slab, such as the
PUMA, using an analysis from [108] to show that the typical input resistance RA is
much higher than 50Ω.
Consider an infinite, single-polarized dipole array placed on top of a grounded
dielectric slab of thickness t3, as shown in Fig. 4.3(a). The dipoles are fed by ideal
delta-gap sources at their center. The active input impedance of the array in Fig. 3
is, [108],
ZA =
ηd
2DxDy
∞∑
p=−∞
∞∑
q=−∞
e−jβdakzd,pq
kzd,pq
[P⊥T⊥P ∗⊥ + P‖T‖P
∗
‖ ], (4.1)
where ηd =
√
µ◦
r3◦
is the wave impedance inside the dielectric slab, βd =
√
r3k◦ is
the propagation constant in the dielectric, a is the radius of the dipoles, p and q are
the Floquet mode indices, and Dx and Dy are the E- and H-plane element spacings.
The free space Floquet mode propagation constant kz,pq is given by
kz,pq =
√
1−
(
u+ p
λ
Dx
)2
−
(
v + q
λ
Dy
)2
, (4.2)
where u = cosφ sin θ and v = sinφ sin θ, and the Floquet mode propagation constant
kzd,pq in the dielectric slab is given by
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Figure 4.3. Sketch of infinite dipole array located in the x-y plane, above a grounded
dielectric substrate of thickness t3 and permittiity r3, scanned in the kˆ00 direction.
(a) Isometric view of array. (b) Cross section of array, showing Fresnel coefficients
Γ+i and Γ
−
i , where i = ‖, ⊥. and the intrinsic impedances of free space, η+, of the
dielectric, ηd, and of the ground plane η
− = 0Ω.
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kzd,pq =
√
1−
(
ud + p
λ
Dx
)2
−
(
vd + q
λ
Dy
)2
, (4.3)
where ud = cosφd sin θd and v = sinφd sin θd, and by using snell’s law at the interface
between the dielectric slab and free space, the angles are related by θd = sin
−1
(
sin θ√
r3
)
.
The normal and parallel scalar pattern function components (referenced to the scan
plane) are P⊥ = yˆ · P nˆ⊥ and P‖ = yˆ · P nˆ‖. The P ∗ and P terms physically refer to
the transmit and receive patterns of the array. The scalar pattern function is given
by
P =
1
I(0)
∫ L
2
−L
2
I(y′)ejβdy
′v dy′, (4.4)
where I(y′) is the current along the dipole length L. The current on closely-spaced,
tightly coupled dipole elements is approximately constant, [52], thus I(y′) = 1, and
the resulting pattern function becomes
P = Lsinc
(
βd
L
2
v
)
. (4.5)
The transmission coefficients, T⊥ and T‖ account for the presence of the ground plane
and the dielectric slab below the array, and are defined as
T⊥ = T+⊥ //T
−
⊥ T‖ = T
+
‖ //T
−
‖ (4.6)
where the “+” and “-” directions denote transmission into the forward (positive zˆ)
and backward (negative zˆ) directions, and are given by
T−⊥ = 2
1 + Γ−⊥e
−j2βdkzdt3
1− Γ−⊥e−j2βdkzdt3
, T+⊥ = 2
1 + Γ+⊥
1− Γ+⊥
, (4.7)
for the perpendicular field components, and
T−‖ = 2
1 + Γ−‖ e
−j2βdkzdt3
1− Γ−‖ e−j2βdkzdt3
, T+‖ = 2
1 + Γ+‖
1− Γ+‖
, (4.8)
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for the parallel field components. Finally, Γ−⊥,‖ and Γ
+
⊥,‖ are the Fresnel reflection
coefficients on either side of the dielectric, shown in Fig. 4.3(b), and are found to
be (for simplicity, these apply to the (p = 0, q = 0) propagating mode of interest for
finding RA)
Γ−‖ = −1, Γ+‖ =
η+ cos θ − ηd cos θd
η+ cos θ + ηd cos θd
, (4.9)
for the parallel components, and
Γ−⊥ = −1, Γ+⊥ =
η+
cos θ
− ηd
cos θd
η+
cos θ
+ ηd
cos θd
, (4.10)
for the perpendicular components.1
It is interesting to note that the onset of troublesome scan phenomena can be
predicted intuitively from this theory. The input impedance ZA is comprised of a
spectral series of Floquet mode (p, q) impedances, each of which is connected in
series. As a result, if a particular Floquet mode impedance becomes infinite, the
total array input impedance becomes infinite and no power is radiated by the array.
This can occur for grating lobe onset, when kzd,pq → 0; more importantly, since there
is a dielectric substrate (and later a superstrate), for certain angles the grating lobe
will see total reflection at the interface with free space and become a trapped surface
wave when |Γ+⊥,‖| = 1. At these angles, T+⊥,‖ = ∞ and the impedance of this grating
lobe is also infinite, thus the effective input impedance sees an open circuit and all of
the input power is reflected back into the driving sources. For a complete, quantitative
analysis, the interested reader is referred to [108]. These surface waves are critically
important in arrays on grounded dielectric slabs, and must be carefully analyzed in
order to avoid their excitation in a particular design. These surface waves will be
1Note that the transmission coefficients T+‖ and T
+
⊥ can be readily modified to include the effects
of a dielectric superstrate. Instead, for clarity purposes, this section assumes there is no dielectric
whatsoever in front of the array and treats the dielectric superstrate effects using the intuitive
transmission line model.
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examined in detail in Section 4.2.3, where a mitigation method is also presented that
can move these surface waves out of the desired scan volume for PUMA arrays.
Next, assuming that the element spacings Dx and Dy are restricted to ≤ λ/2, so as
to avoid grating lobes, there exists only one radiating plane wave which is the lowest
order Floquet mode (p = 0, q = 0). Since this is the only plane wave radiating away
from the array, it is the only mode contributing to the real part of the impedance,
the radiation resistance RA, whereas all higher order modes (p 6= 0, q 6= 0) are below
cutoff and represent the stored energy around the array in the the reactance jXA of
the array. Therefore, the input resistance RA can be written as
RA =
ηd
2DxDy
1
kzd,00
[P⊥T⊥P ∗⊥ + P‖T‖P
∗
‖ ]. (4.11)
Fig. 4.4 shows RA at broadside versus Dx for various Dy values and for βdt3 =
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Figure 4.4. Broadside input resistance of a single-pol dipole on a grounded dielectric
slab with βdt3 = pi/2 (thus this holds for an value of r3) above a ground plane versus
periodicity, and with L = Dy. The element current is assumed to be constant.
pi/2 (it is typical for the array to be spaced approximately λ/4 at midband in the
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dielectric, thus this example represents the typical broadside resistance at midband).
Additionally, for most wideband arrays at mid-band, Dx = Dy = λ/4, leading to
RA ≈ 377Ω. This high resistance level poses a major challenge when matching to
standard (unbalanced) 50Ω interfaces. Note that, as shown later in this section, a
dielectric superstrate with a properly chosen thickness and permittivity can be utilized
to reduce the resistance, but only moderately.
Typical microwave systems require the input of each array element to be well
matched to a Zo = 50Ω system. This allows standard components to be used,
and it is critical to transmit applications where the stage preceding the array input
is a power amplifier, which have stringent load impedance requirements. Though
there are applications where system electronics are directly integrated with the ele-
ments, and may allow for arbitrary impedances, such as 100Ω, it is difficult to test
and characterize these systems due to this nonstandard impedance level. Thus the
inherently high impedance of the array elements requires special design considera-
tions, and often an explicit impedance transformer, such as in the Vivaldi, CSA, and
fragmented aperture (FAA) designs is required. These designs can benefit from the
impedance transformation provided by their baluns, which can readily offer a least
a 2:1 (Zbalanced:ZUnbalanced) transformation. In contrast, in the PUMA array, designs
having bandwidths of 3:1 can be designed without any external matching, and to
extend their performance to higher bandwidths, such as the 5:1 array of Section 4.4,
an internal, co-designed impedance matching network can be used to maximize the
performance of the array without external elements.
Having established the high impedance encountered with the arrays over the
ground plane, it is instructive examine the transmission line mode of the array over
the ground plane to understand the implications of the dielectric loading beneath
and above the array. This model assumes the element spacing is constrained to be
Dx = λ/4 and Dy = λ/4, a typical spacing near midband in a wideband array. This
121
spacing also excludes grating lobes, resulting in a single radiating Floquet mode (the
(p,q) = (0, 0) mode). It is helpful to first consider the capacitively coupled dipole
array in free space to see how the typical impedance behaves in the absence of any
dielectrics or the ground plane, which is shown in the side view of the unit cell in Fig.
4.5(a). The array radiates bidirectionally, in the forward and backward directions.
This array is modeled as shown in Fig. 4.5(b), where the radiating Floquet modes
in the forward and backward direction are modeled as infinitely long transmission
lines of impedance 2RA = 377Ω (free space impedance). Note that in general RA
depends on the lattice spacing, but is equal to the impedance of free space for typical
wideband arrays with Dx = Dy. The input impedance Zin seen at the terminals in
this model consists of a reactance jXA in series with a parallel combination of the two
transmission line impedances Z+1 and Z
−
1 , resulting in Zin = jXA + Z
+
1 //Z
−
1 . These
impedances are shown on the Smith chart in Fig. 4.5(c) for the array scanned to
broadside. The reactance jXA of the capacitively coupled dipoles lies along the rim
of the Smith chart and is capacitive at low frequency and inductive at high frequency.
The parallel combination of Z+1 //Z
−
1 = RA = 188Ω, thus the series combination of
Z+1 //Z
−
1 and jXA results in the Zin shown. This input impedance falls inside the
VSWR < 2 (referenced to Z◦ = RA = 188Ω) only over part of the band, and the
spread out impedance locus is inherently difficult to match and is narrowband as a
result.
Adding a ground plane behind the array, in addition to the desirable practical
benefits, will be shown to broaden the bandwidth of the array. Fig. 4.6(a) shows
the dipole array on top of a grounded dielectric slab, and the updated transmission
line model is shown in Fig. 4.6(b), where the Z−1 transmission line is simply short-
circuited a distance t3 = λg,mid/4 (quarter guided wavelength at midband in the
dielectric r3) from the array (once again, this is typical for a wideband array). The
Z−1 transmission line becomes a simple shorted-stub, with an input impedance
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Figure 4.5. Tightly coupled dipole array in free space (without a backing ground
plane). (a) Side view of array unit cell. (b) Transmission-line model of the array. (c)
Input impedance of array based upon the circuit model in (b), with Z◦ = RA = 188Ω.
Z−1 = jZg tan(βgt3), (4.12)
where t3 is the spacing between the dipole array and the ground plane, βg = 2
√
r3k◦ is
the propagation constant, k◦ is the free space propagation constant), and Zg =
√
µ
◦r3
is the characteristic impedance of the line in the dielectric with r3. Fig. 4.6(c)
shows Z−1 lies on the rim of the Smith chart and is inductive at low frequency and
capacitive at high frequency. The new parallel combination Z+1 //Z
−
1 is also shown
to follow this same reactive behavior, along with having a midband resistance equal
to 2RA = 377Ω, since the array now only radiates in the forward direction, and
is consistent with the results shown in Fig. 4.4. At low frequency fL, Z
+
1 //Z
−
1 is
inductive and jXA is capacitive, and when combined in series they cancel and the
resulting locus Z+1 //Z
−
1 +jXA is pulled towards the capacitive side of the Smith chart.
Likewise, at high frequency, fH , the capacitive Z
+
1 //Z
−
1 is cancelled by the inductive
jXA, and the locus Z
+
1 //Z
−
1 + jXA is pulled towards the inductive side of the Smith
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Figure 4.6. Tightly coupled dipole array on a grounded dielectric slab. (a) Side view
of array unit cell. (b) Transmission-line model of the array. (c) Input impedance of
array based upon the circuit model in (b), with Z◦ = RA = 188Ω.
chart. This impedance is much more compact and could be matched more readily;
it is noteworthy that the presence of the ground plane essentially adds a loop, or a
second resonance to the dipole input impedance response. However, this points to a
particular problem with using a grounded dielectric below the array, namely that the
strength of the reactance of the shorted stub impedance Z−1 is proportional to 1/
√
r3.
As shown in Fig. 4.7(a), when r3 = 1, the reactive swing of Z
−
1 is quite large and
will provide the maximum cancellation with the dipole reactance. As r3 increases,
as in Figs. 4.7(b) and (c), the reactive swing decrease and provides progressively less
cancellation with the dipole reactance, which reduces the achievable bandwidth of the
array. Magnetic materials with (µr ≥ r) could increase the ground plane impedance
Zg, but these materials have a number of other practical limitations, and will not be
further considered in this dissertation.
124
−1 −0.5 0 0.5 1
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
0.
1
0.
2
0.
3
0.
4
0.
5
1.
0
2.
0
3.
0
4.
0
5.
0
10 20
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0.4
0.
5
0.
5
0.
6
0.
6
0.
7
0.
7
0.
8
0.
8
1.
0
1.
0
1.
2
1.
2
1.
4
1.
4
1.
6
1.
6
1.
8
1.
8
2.
0
2.
0
3.0
3.0
4.0
4.0
5.0
5.0
10
10
20
20
18
0
13
5
90
45
0
−45
−90
−1
35
fH
fL
Z+1// Z
-
1
2RA
 Z-1
εr3 = 1
−1 −0.5 0 0.5 1
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
0.
1
0.
2
0.
3
0.
4
0.
5
1.
0
2.
0
3.
0
4.
0
5.
0
10 20
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0.4
0.
5
0.
5
0.
6
0.
6
0.
7
0.
7
0.
8
0.
8
1.
0
1.
0
1.
2
1.
2
1.
4
1.
4
1.
6
1.
6
1.
8
1.
8
2.
0
2.
0
3.0
3.0
4.0
4.0
5.0
5.0
10
10
20
20
18
0
13
5
90
45
0
−45
−90
−1
35
fH
fL
Z+1// Z
-
1
2RA
 Z-1
εr3 > 1
−1 −0.5 0 0.5 1
−1
−0.8
−0.6
−0.4
−0.2
0
0.2
0.4
0.6
0.8
1
0.
1
0.
2
0.
3
0.
4
0.
5
1.
0
2.
0
3.
0
4.
0
5.
0
10 20
0.1
0.1
0.2
0.2
0.3
0.3
0.4
0.4
0.
5
0.
5
0.
6
0.
6
0.
7
0.
7
0.
8
0.
8
1.
0
1.
0
1.
2
1.
2
1.
4
1.
4
1.
6
1.
6
1.
8
1.
8
2.
0
2.
0
3.0
3.0
4.0
4.0
5.0
5.0
10
10
20
20
18
0
13
5
90
45
0
−45
−90
−1
35
fH
fL
Z+1// Z
-
1
2RA
 Z-1
εr3 >> 1
(a) (b) (c)
Figure 4.7. Effect of the grounded substrate relative permittivity r3 on the
impedance Z−1 looking toward the ground plane. (a) r3 = 1 (free space). (b) r3 > 1
(moderate permittivity). (c) r3 >> 1 (high permittivity).
Though adding dielectric below the array reduces the reactive cancellation from
the ground plane, adding a dielectric layer above the array will be shown to enhance
the cancellation. Fig. 4.8(a) shows the array with a dielectric superstrate. One
intuitive way of understanding the effect of this superstate is that the dielectric cover
reduces the impedance in front of the array, and thus the impedance of the ground
plane shorted stub Z−1 appears effectively large by comparison. The transmission line
model is readily modified to incorporate the effects of this dielectric layer as shown
in Fig. 4.8(a), where the dielectric layer is modeled as a section of transmission line
of length t1 and impedance Zd =
√
µ
◦r1
. This section of transmission line transforms
the free space impedance 2RA in front of the array via
Z+2 = Zd
2RA + jZd tan(β2t1)
Zd + j2RA tan(β2t1)
, (4.13)
where the propagation constant is β1 =
√
r1. By choosing t1 = λmid/4→ β1t1 = pi/2,
the dielectric layer transforms the impedance 2RA through a quarterwave transformer
at midband, such that Z+2 =
Z2d
2RA
, and offers the most effective matching for both high
and low frequencies. The effect of this dielectric is shown in Fig. 4.8(c), where the
locus Z+2 //Z
−
1 is seen to be centered around the middle of the Smith chart, and there
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Figure 4.8. Tightly coupled dipole array on a grounded dielectric slab and having
a dielectric superstrate above the dipoles. (a) Side view of array unit cell. (b)
Transmission-line model of the array. (c) Input impedance of array based upon the
circuit model in (b), with Z◦ = RA = 188Ω.
is a an extra loop in the locus that confines the impedance to a smaller area on
the chart. The resistance level is much lower due to the impedance transformation
provided by the superstrate. Once again, the addition of the reactance jXA reactively
cancels out the swings of Z+2 //Z
−
1 , and the input impedance Zin = Z
+
1 //Z
−
1 + jXA
is seen to be tightly wrapped around the center of the Smith chart over the full 5:1
bandwidth, fitting completely inside the V SWR < 2 circle. Now the Zin locus is very
compact, and therefore has the potential for a much broader bandwidth compared
with the dipoles in free space.
4.2.2 Feeding
The previous section explored how a wideband impedance can be obtained from
dipoles in a stratified dielectric layer, but to this point only ideal delta-gap feeds
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have been considered. Practical, robust, simple feeding will be shown to be a major
challenge of these tightly coupled dipole arrays.
A successful feeding mechanism for a tightly coupled dipole array above a ground
plane should be able to connect the dipole arms to a feed network or connectors at
the back side of the ground plane without introducing catastrophic resonances and to
transform the high dipole impedance (≈ 377Ω) to 50Ω. This challenging task could
be achieved with either balanced or unbalanced vertical feed lines, as shown in Fig.
4.9.
4.2.2.1 Balanced Vs. Unbalanced Excitation
To date, only the balanced feed approach of Fig. 4.9(a) (with or without feed
organizers) has been used, since this intuitively approximates the delta gap feeding
used in the simulation tools in the design phase. Exciting the dipoles with a vertical
balanced line requires an external balun at each port, as shown in Fig. 4.9(a). These
baluns also often have impedance transformation from Zhigh to Zlow as well, which
further simplifies the impedance matching problem. The balun forces a 180◦ phase
difference between currents and voltages on each line, with the ground plane acting as
a third reference conductor with 0V. Assuming ideal balun operation and broadside
array excitation, this arrangement results in resonance-free performance over a wide
bandwidth, as shown in Fig. 4.10 (it is noted that ideally fed (e.g. delta gap) tightly
coupled dipole arrays could achieve bandwidths up to 4:1 with broadside VSWR < 2,
[43], though this example is not optimized). However, when the array is scanned along
the E-plane the push-pull currents become unbalanced (due to mutual coupling),
resulting in scan-induced anomalies if the feed lines are not appropriately shielded
[72, 73]. Practically, the shielding of these lines is achieved using a vertical “cable
organizer” [46]. Cable organizers are 3D metallic structures that require machining,
assembly, and soldering, which renders the array non-planar. In addition to shielding
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the feed lines, these structures also typically support the printed dipole layer, since air
or structurally weak low-density foam is used between the dipole layer and the ground
plane. Additionally, these feed organizers add parasitic capacitance to the dipoles, as
shown in Fig. 4.9(a), and thus require elaborate shaping to minimize the effects of
this capacitance. More importantly, this feeding approach is not easily scaled to very
high frequencies.
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(a) (b)
Figure 4.9. Feeding approaches for tightly coupled dipole arrays (only one unit cell
is shown). (a) Balanced feeding, with 3D cable organizer; (b) unbalanced feeding.
Prior to the methods developed in this work, unbalanced excitation has been
avoided at all costs, since this goes against common practice and is not a natural
extension of the delta gap used in the design tools. Unbalanced feeding is accom-
plished using the feed shown in Fig. 4.9(b), where one dipole arm is connected to
the ground with a vertical line, and the other dipole arm is excited directly with the
inner conductor of a coax line. This results in unequal magnitude currents on the
two feed lines, producing a net vertically polarized current. This net current excites a
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problematic resonance, as shown in Fig. 4.10, the common-mode resonance explored
in depth in Chapter 2 and 3.
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Figure 4.10. Typical broadside active VSWR of tightly coupled dipole arrays with
balanced and unbalanced feed arrangements (see Fig. 4.9). Neither design is opti-
mized for impedance match or bandwidth.
4.2.2.2 Common-Mode on Unbalanced Fed Dual-Polarized Tightly Cou-
pled Dipole Arrays
As discussed in Chapter 2, driving the balanced dipoles with unbalanced feeds
causes the net vertical current distribution to couple into a problematic resonance
that results in a short circuit in the input impedance of the elements. This chapter
focuses on dual-polarized arrays, and therefore only the common mode that appears
in dual-polarized arrays will be discussed in this section. Since the common mode
theory is the same as that developed in Chapters 2 and 3 with minor modifications2,
only a brief treatment of the common mode is provided.
2The interested reader is directed to these chapters for discussion of the common mode in single-
polarized tightly coupled dipole arrays, where the only major change is the different effective per-
mittivity utilized.
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A top view of a dual-polarized tightly coupled dipole array is shown in Fig. 4.11.
As discussed in Chapter 2, single-polarized arrays suffer from a common mode with
y
x Dxz
Dy
Excited 
Arm
Grounded 
Arm
LH
LE
LD2
LD
Figure 4.11. Top view of a dual-polarized tightly coupled dipole array, showing the
the modified common mode resonant dimensions LE and LH .
a resonant frequency fcm dictated by the resonant length LD (the diagonal distance
between the grounded feed lines of the elements), specifically when LD equals half a
wavelength. However, this resonance is suppressed in dual-polarized arrays because
the introduction of the orthogonally polarized element reduces the length LD to LD2.
Instead, the dual-polarized arrays suffer from common mode resonances with resonant
frequencies dictated by the resonant lengths LE = Dx and LH = Dy, which correspond
to the E- and H-planes of a particular polarization (here referenced to the xˆ-polarized
elements). Thus the common mode in dual-poalarized tightly coupled dipole arrays
is predicted by
fcm ≈ c◦
2
√
r3D
, (4.14)
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where c◦ is the speed of light, r3 is the bottom dielectric (substrate) layer relative
permittivity, shown in Fig. 4.1(b), and D = min {Dx, Dy}. As discussed in Section
2.5, there is only a common mode resonance excited along the shorter of the two
resonant lengths. Table 4.1 shows the analytic predictions of fcm compared with
results obtained using Ansoft/Ansys HFSS, [99], for a dual-polarized unbalanced-fed
tightly coupled dipole array for various Dx, Dy, and r3, with d = 5mm (≈ λmidband/4
in dielectric of r = 1.96). The zˆ -polarized E-fields at fcm are mostly confined to
substrate layer 3, thus layers 1 and 2 have negligible effect on fcm and are set to
vacuum for these simulations (r1 = r2 = 1). Good agreement is shown, with error
less than 6%. Note that in air (r3 = 1), the common mode frequency is equal
Table 4.1. Comparison of common-mode resonance theory with numerical simula-
tions in dual-polarized tightly coupled dipole array
Dx Dy r3 Analytic Numerical Error fg
[mm] [mm] fcm (4.14) fcm % [GHz]
5 10 1 30.0 28.5 5.26 30.0
7.5 10 1 20.0 19.1 4.71 20.0
10 10 1 15.0 15.9 5.66 15.0
5 10 1.96 21.4 20.2 5.61 30.0
7.5 10 1.96 14.3 13.8 3.55 20.0
10 10 1.96 10.7 10.6 0.90 15.0
to the grating lobe onset frequency fg; however, in practical arrays with dielectric
below the dipoles (in particular the PUMA, which has PTFE dielectric substrates
with rs ≥ 2), the common mode falls well within the operating band. Finally, as
discussed in Chapter 3, (4.14) implies strategies to move fcm out of the operating
band, such as modifying the element spacing, but the element spacing alone is unable
to remove the common mode without introducing significant penalties, such as over-
sampling of the aperture, or decreased fg. As a result, the next section shows how
the shorting vias in the PUMA array can be used to control this resonance.
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4.2.2.3 Common-mode Mitigation in Dual-Polarized PUMA Arrays
Just as in Chapter 3 with the BTA array, shorting vias (“strips” in Chapter 3) can
be used to suppress the common-mode resonance, and the theory developed therein
applies to PUMA arrays with only a minor modification. The main difference for
the PUMA case is the dielectric substrate filling the space below the radiators. Once
again, this section will focus on providing a brief treatment of the common dual-
polarized arrays.
In the PUMA, the shorting strips are implemented as plated vias, as shown in
Fig. 4.1, and an overhead view of the dual-polarized array in Fig. 4.12 shows the
placement of the shorting vias along the dipole arms, which modify the resonant
lengths to be LE = Dx − 2s and LH = Dy − 2s. In this structure, the new common
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Figure 4.12. Top view of a dual-polarized PUMA array, showing the new common
mode resonant dimensions LE and LH due to the introduction of the shorting vias.
mode frequency is predicted as
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fcm ≈ c◦
2
√
r3(D − 2s) , (4.15)
where D = min {Dx, Dy} and s is the shorting via separation from the center of the
unit cell. As discussed in the previous section, only the shorter resonant length is
excited.
From (4.12), one can shift fcm up in frequency and out of band by increasing
the shorting via separation s. The results of an infinite dual-polarized PUMA array
simulation using Ansoft/Ansys HFSS, [99], having r3 = 1.96, r1 = r2 = 1, Dx =
10mm (fg = 15GHz), Dy = 10mm, with the dipole layer located d = 5mm (≈
λmidband/4 in r3 = 1.96) above the ground plane, are shown in Table 4.2. The full-
Table 4.2. Common-mode frequency control with shorting vias in dual-polarized
PUMA array
s Analytic Numerical Error
[mm] fcm (4.12) fcm %
(no shorts) 10.6 10.7 0.90
0.75 14.8 14.3 3.65
1.25 15.8 16.2 2.52
1.75 17.1 17.1 0.11
2.25 18.6 17.7 5.1
wave numerical results show good agreement with the analytic predictions of (4.12),
demonstrating less than 5% error for all cases. Increasing the shorting via spacing s
increases fcm, until s = 2.25mm, where fcm well above fg. Note that in dual-polarized
arrays the common mode already occurs closer to fg than in single-polarized arrays,
and therefore the shorting via spacing s does not need to be very large to move
fcm above fg. Thus the novel shorting via arrangement of the PUMA array enables
common-mode free, wideband performance at broadside without external baluns or
3D metalized feed structures. As discussed in [111], when unbalanced fed dipole arrays
are scanned the problematic common-mode disappears along the D- and H-planes,
and is weakly excited along the E-plane, where fcm increases with θ; thus broadside
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suppression of the common-mode implies common-mode free scan operation in the
PUMA.
Finally, Fig. 4.13 compares the performance of three important dipole feeding
cases: 1.) ideal delta-gap feed, 2.) unbalanced feeding, and 3.) unbalanced feeding
with shorting vias connected to the dipole arms. Note that the balanced feed VSWR
is referenced to a high impedance, Z◦ = 200Ω, whereas both of the unbalanced feed
cases are referenced to Z◦ = 50Ω. The ideal delta-gap feed, which in practice is
approximated using balanced feed lines and a feed organizer, is well matched over an
approximately 3:1 bandwidth (5-15GHz). Alternatively, using unbalanced feeding to
avoid the external balun and feed organizers, required for the balanced case, is shown
to suffer from a common mode near the middle of the operating band that destroys
the wideband performance. It is clear that the unbalanced feeding with shorting vias
is able to recover most of the bandwidth obtained with the ideal delta-gap source,
but the the low-frequency limit is shown to increase. The reason for the increase in
the low frequency limit is due to a loop-mode resonance discussed next.
4.2.2.4 Low Frequency Loop Resonance in Dual-Polarized PUMA Arrays
Despite alleviating the in-band common-mode problem, and displaying minor im-
pact on impedance over most of the operating band, the shorting vias significantly
alter the low-frequency impedance behavior of the array. At low frequency, the length
of the shorting vias becomes electrically small, and present a low impedance path that
allows the excitation of circulating loop-mode currents on the structure. To demon-
strate this, the impedance of a PUMA and its no-short counterpart are plotted in
Fig. 4.14. Without shorting vias, the PUMA array impedance at the low frequency
limit fL is capacitive, and an extrapolation to DC leads to an open-circuit, suggest-
ing a series resonance typical of dipoles. In contrast, the PUMA array exhibits an
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Figure 4.13. Comparison of the broadside active VSWR performance of dual-
polarized (dual-offset, egg-crate lattice) tightly coupled dipoles fed using three differ-
ence methods. (a) Ideal (delta-gap) balanced feeding. (b) Unbalanced feeding with
vertical feed lines. (c) Unbalanced feeding with vertical feed lines and shorting vias.
(d) Broadside active VSWR comparing all three cases.
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inductive low frequency impedance, with an eventual short-circuit impedance at DC,
suggesting a parallel resonance typical of loop antennas.
First, it is helpful to take a closer look at the input resistance in Fig. 4.15 (cal-
culated using Ansoft/Ansys HFSS, [99]) of an infinite dual-polarized PUMA array,
arranged as shown in the top view of Fig. 4.12, having r3 = 1.96, r1 = r2 = 1,
Dx = 7mm, Dy = 10mm, and with the dipole layer located d = 5mm (≈ λmidband/4
in r3 = 1.96) above the ground plane. There are three large spikes in the resistance,
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Figure 4.15. Input resistance of each polarization in a dual-polarized PUMA at low
frequency (with on polarization excited, and the other terminated in 50Ω), highlight-
ing three resonances that occur at the low-frequency end of the operating band. Loop
1, 2, and 3 denote frequencies at which circulating loop-mode currents occur on the
structure, which are examined in Fig. 4.16.
which are typical of the parallel loop resonances, and the currents on the dipoles and
the vias at each of these frequencies are plotted in Fig. 4.16. Fig. 4.16(a) shows the
currents at the frequency “Loop 1”, which seen to be a loop between the xˆ-polarized
elements, and in fact is the same loop-mode found in single-polarized arrays, which
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are discussed in detail in Section 3.3.4, and thus is not analyzed in depth here. Briefly,
this resonance consists of a large resonant loop (which sets the resonant frequency
floop,cx) formed between the shorting vias of co-polarized elements that is excited by
a small driver loop. Note that the resistance of the yˆ-polarized element is minimally
affected at this frequency. A much more interesting loop is seen in Fig. 4.16(b), show-
ing the currents at the frequency “Loop 2”, which shows a small driver loop on the
xˆ-polarized element, and a large resonant loop that forms between the shorting vias
of cross-polarized elements, and will be discussed in detail next. Finally, Fig. 4.16(c)
shows the currents on the structure at the lowest frequency, “Loop 3”. The currents
do not exhibit any apparent loop-like circulation along either of the co-polarized di-
rections, nor between the orthogonal elements. Instead, a strong circulating current
distribution is observed which resembles the small driver loop, though the current is
confined strongly to this small loop and no resonant loop is apparent. At the time of
writing, the phenomena that controls this resonance is not clear, and warrants future
study. It is noted that this resonance is observed to always occur lower than the other
loop resonances, if Dx 6= Dy, and if Dx = Dy then all three resonances occur at the
same frequency.
Returning to the “Loop 2” resonance, at this frequency a striking feature in the
resistance in Fig. 4.15 is that both polarizations show only a small increase in re-
sistance, in contrast with the large spikes that are seen at the other two resonant
frequencies. This is due to the high coupling between the polarizations that occurs
at this frequency, where the Q of the resonant spike is lowered by power that is
coupling into the orthogonal polarization. Examining the coupling coefficient CHV ,
which represents the power coupled from the Vertical (xˆ-polarized) dipoles into the
Horizontal (yˆ-polarized) dipoles in Fig. 4.17, a clear increase to nearly 0dB is seen
at f = 4.3GHz. This high coupling also indicates a very high cross-polarization level
at this frequency, which makes this an important resonance, as it typically causes
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Figure 4.16. Currents in a dual-polarized PUMA unit cell, calculated using the
full-wave solver Ansys/Ansoft HFSS [99]. (a) Loop 1 at f = 4.80GHz. (b) Loop 2 at
f = 4.30GHz. (c) Loop 3 at f = 3.91GHz.
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Figure 4.17. Coupling from the Vertical (xˆ-polarized dipoles) into the Horizontal
(yˆ-polarized dipoles) polarization, CHV .
the cross-polarization to increase at a frequency just below the operating band. This
effect is evident in the cross-polarization calculated for the designs presented in this
chapter as well as Chapters 3 and 5. To better understand what is happening at this
frequency, a schematic of this current distribution is shown in Fig. 4.18(a). Cur-
rents on the excited feed line flow in the opposite direction from those on its adjacent
shorting post, and the currents on both feed lines flow in the same direction, forming
a loop between elements. Since the structure is placed over a ground plane, image
theory allows the full current loops to be revealed, as in Fig. 4.18(b). Two loops
are formed by the circulating currents, where the small “driving loop” couples energy
into the large resonant loop formed between the shorting vias of adjacent dipole arms,
shown in the circuit model of Fig. 4.18(c). Using the circumference of the resonant
loop estimated from the geometry parameters, floop,cx is found to be
floop,cx ≈ c◦
2
√
r3(4d+Dx +Dy − 4s) − |f(C)|, (4.16)
where |f(C)| represents the effect of the capacitive loading due to inter-element ca-
pacitance C (note that this is a function of capacitance, and not frequency), which
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Figure 4.18. Resonance model for loop mode in dual-polarized arrays that forms
between cross-polarized elements. (a) Current distribution on PUMA elements at the
loop-mode resonance floop,cx; (b) current distribution at floop,cx, using image theory
to remove ground plane; (c) circuit model showing a small non-resonant loop driving
a large resonant loop.
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Table 4.3. Comparison of dual-polarized loop-mode resonance theory with numerical
simulation.
Dx Dy d r3 Analytic Numerical Error
[mm] [mm] [mm] floop,cx (4.16) floop,cx %
7 7 5 1 5.77 6.60 12.6
10 10 5 1 4.69 5.33 12.1
15 15 5 1 3.57 4.15 13.9
10 10 4.5 1 5.00 5.56 10.1
10 10 5 1 4.69 5.33 12.1
10 10 6.5 1 3.95 4.66 15.3
7 7 5 1.96 4.12 4.86 15.2
7 9 5 1.96 3.83 4.51 15.2
7 11 5 1.96 3.57 4.12 13.3
depends on the geometry parameters. The dominant terms of (4.16) are Dx, Dy, and
d, and Table 4.3 demonstrates their effect on floop,cx, using the same simulation model
parameters as in Section 4.2.2.3, and with s = 1mm. The predicted values agree with
full-wave numerical values with less than 10-15% error. (Note that the analytic values
in Table 4.3 assume |f(C)| = 0).
From (4.16), reducing floop,cx (wider bandwidth) requires minimal short spacing s,
and maximal capacitive coupling, leading to an interesting compromise with (4.12).
As shown in Section 4.3.2, removing the shorting post on the grounded arm increases
the loop size sufficiently to move floop,cx well below the operating band, while main-
taining an fcm above the operating band.
4.2.2.5 Direct Feeding
Due to the high aperture impedance (≈ 377Ω of dipoles over a ground plane,
matching the array to 50Ω is a formidable challenge. This section considers matching
the PUMA to 50Ω right at the ground plane of the array, as shown in Fig. 4.19. In
practice this is desirable since it minimizes the array profile and simplifies connection
to standard RF systems.
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Figure 4.19. Cross section of a PUMA array directly fed at the ground plane from
an unbalanced 50Ω transmission line, in this case a simple coaxial connector.
With this arrangement, careful tuning of the dipoles and the vertical unbalanced
feed lines can result in bandwidths typically on the order of 3:1, as shown in Fig.
4.20. This infinite broadside VSWR is that of the 7-21GHz PUMA array featured
in Chapter 5, rescaled in frequency to provide a meaningful comparison to the 5:1
PUMA design featured at the end of this chapter. The bandwidth of this approach
is limited because of the large difference in impedance levels (377Ω vs. 50Ω) and the
fact that there is only a short length (< λmid/4) of impedance transformer, formed by
the vertical unbalanced feed lines. As in a typical impedance matching problem, the
bandwidth can be increased by worsening the match or by introducing a matching
network, as discussed next.
4.2.2.6 Feeding with Backplane Matching Network
It was observed in the previous section that directly feeding the PUMA array at
the ground plane results in an approximately 3:1 bandwidth. This section introduces
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Figure 4.20. Comparison of the achievable PUMA array bandwidths. The 3:1
PUMA array is directly fed at the ground plane whereas the 5:1 PUMA is fed through
a planar backplane matching network.
a novel backplane matching network that allows the bandwidth to be extended to
5:1.
Instead of attempting to match the array directly to Zo = 50Ω at the ground plane,
the array is instead designed to have a specific “mismatched” impedance profile that,
when fed through the backplane matching network, results in a wideband impedance
well-matched to 50Ω. In other words, this matching approach uses a cancellation or
compensation effect similar in spirit to the one devised by Munk for the ground plane
inductive compensation discussed in Section 4.2.1. The matching network employed in
this design is inspired by a classic wideband impedance matching concept, which uses
the combination of a series open-circuit stub and an impedance transformer [43, 75].
However, the proposed matching network avoids the large size of the open stub with
a substantially smaller series LC network, formed by a parallel plate capacitor and
high impedance transmission line, as shown in Figs. 4.21(a) and (b).
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Figure 4.21. Feeding the PUMA with a backplane matching network. (a) Cross
section of PUMA array with planar backplane matching network attached. (b) Circuit
model of backplane matching network.
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The array backplane (PCB 2 in Fig. 4.21(a)) contains a printed matching network,
comprised of a series capacitor (formed between the fed-via disc and the bottom
metallization disc), series inductor, and a quarter-wavelength impedance transformer
section. The capacitor is formed by a pair of circular plates of radius CR, which are
separated by the thin dielectric layer 4. One plate is attached to the end of the feed
line plated via, and the other plate is attached to a narrow, high impedance (≈ 80Ω)
microstrip feed line of length Lt1 and width Wt1 that approximates an inductor. This
is followed by a microstrip line of width Wt2, with an impedance greater than 50Ω,
and has a length Lt2.
The circuit schematic of this structure is shown in Fig. 4.21(b). The series capac-
itor, C, introduces a reactance jXC =
1
jωC
that partially cancels out the inductive
reactance of the antenna at low frequencies; additionally, two parasitic shunt capaci-
tors are shown dashed in Fig. 4.21(b), representing the parasitic capacitances between
each plate and the ground plane, though these have second-order impact on perfor-
mance. Next, a series inductor (narrow, high-impedance section of line connected to
the circular plate in Fig. 4.21(a)) introduces the reactance jXL = jωL that forms a
series LC network with the capacitor. Finally, a transmission line with length Lt2 and
propagation constant β2 =
√
r,effko (where r,eff =
r4+1
2
) transforms the impedance
to
Zin = Zt2
ZL + jZt2 tan(β2Lt2)
Zt2 + jZL tan(β2Lt2)
, (4.17)
where ZL = Zant + j(XC +XL), as shown in the circuit schematic of Fig. 4.21(b). In
the schematic, Zant is the antenna impedance at the ground plane (see Fig 4.21(a)).
To demonstrate the performance and mechanics of this type of tuning, this section
uses the array presented in Section 4.4 as an example. The entire structure, array
and backplane printed matching network were analyzed full-wave (no approximate
transmission line models are used) using Ansoft/Ansys HFSS, [99], and the results are
shown in Fig. 4.22. At broadside, the antenna impedance Zant is purposefully tuned
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to be inductive over most of the operating band, with a poor match to 50Ω; however,
the combination of ZL = Zant + j(Xc) is shown in red (dashed) to be centered near
Z = 75Ω, though strongly capacitive. By adding the inductor reactance jXL = jωL
in series, the entire locus is moved toward the inductive part of the Smith chart
(though this step is not shown in order increase the readability of Fig. 4.22). Finally,
the impedance locus ZL + jXL is matched to 50Ω by passing through a quarter wave
transformer with Zt2 ≈ 50− 100Ω (Zt2 = 65Ω for this design). The final impedance,
Zin (shown in blue, dot-dashed) is shown to be well matched, with a VSWR < 2.1
over the band.
This simple, planar matching network is used on all ports, and readily fits inside
a unit cell with meandering. The matching network is sensitive to some fabrication
tolerances, particularly with regard to the narrow, high impedance inductive line.
The minimum printed feature size will ultimately dictate the maximum impedance
achievable of the inductive line and therefore impact the operation of the network,
particularly at high frequencies. The narrow lines also tend to be more lossy than
wider printed lines, but for practical designs, and must be taken into account in the
design phase. Additionally, numerical studies have shown the backward radiation
from the planar matching circuit to be very low, as shown in the calculated data of
Table 4.7.
Apart from its clear electrical advantages, the backplane matching network ap-
proach offers distinct fabrication advantages, since it avoids direct electrical con-
nection between the array layer and the array electronics that could be behind the
ground plane. This is similar to the advantages of electromagnetically coupled patch
antenna designs, which offer much simpler fabrication than the probe fed patches.
As shown in Fig. 4.42(b), the array can be fabricated as one PCB, labeled “PCB
1”, and the backplane matching network is fabricated on a separate PCB, labeled
“PCB 2”; these PCBs are then joined by a thick bonding layer (or bonding layer and
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Figure 4.22. Broadside impedance loci of a PUMA array fed through a backplane
matching network (full wave simulation results). Solid line: array active impedance
seen at the ground plane. Dashed line: active impedance after the series capacitor.
Dashed-dot line: active impedance after the quarter-wavelength transformer (at the
input of the matching network). All results are referenced to Z◦ = 50Ω.
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dielectric), dielectric layer 4, without any conductive electrical connection between
the PCBs, further reducing the fabrication complexity. It is noted that extremely
precise alignment between the PCBs is not a critically important factor for this type
of feeding.
4.2.3 Surface Waves
This section will consider surface waves on single-polarized arrays since the dual-
polarized performance can be obtained via superposition. tightly coupled dipole
arrays such as the Munk’s Tightly Coupled Dipole (TCD) array and PUMA array
exhibit a broader frequency response and avoid surface waves when the dielectric
between the dipoles and ground is air (r = 1). In the case of the PUMA, such
a choice would make fabrication complicated and difficult to realize above X-band,
since the feed line and shorting vias require mechanical support. It is thus desirable to
design the PUMA array using PTFE substrates to allow simple fabrication of the feed
lines and shorting vias as plated vias. Unfortunately, this results in a thick (t ≈ λ/2
@ fhigh) grounded dielectric layer, as shown in Fig 4.23, that supports surface waves
at certain scan angles, resulting in “scan blindnesses” inside the desired scan volume,
angles at which the array ceases to radiate and the radiation resistance drops to 0Ω.
It is important to point out that the surface wave propagation constant, and thus the
location of the blindnesses, will be shown to depend on the total grounded dielectric
thickness t, not just the substrate or superstrate thickness alone. Before discussing
the solution developed for the PUMA, the next section presents background on the
excitation mechanism and a simple theoretical analysis from the literature [112] that,
with a minor modification, accurately predicts the scan blindnesses of the PUMA.
4.2.3.1 Surface Wave Excitation
For an array printed on or embedded in a grounded dielectric slab, there exist
certain scan angles (φsw, θsw) where the array can excite trapped surface waves that
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Figure 4.23. Sketch of the dipole array embedded in a grounded dielectric slab
having a relative permittivity r and a total thickness of t.
propagate laterally along the structure, without contributing to radiation. At these
scan angles, all of the array’s input power is carried along the array face in a tightly
bound, non-radiating1 surface wave. Since the power cannot leave the surface, the
input resistance RA goes to 0Ω (essentially a short circuit condition) and |Γ(φ◦, θ◦)| →
1.
These surface waves can be TE or TM in nature, and will be shown to have
propagation constants βsw ≥ k◦ (where k◦ is the free-space wavenumber) that depend
on the total thickness t of the dielectric and the relative dielectric constant r. These
surface waves are excited when the surface wave propagation constant of the grounded
dielectric slab βsw matches the magnitude of the Floquet mode propagation constant
vector ~kpq = k◦
(
p
Dx/λ
+ u
)
xˆ+k◦
(
q
Dy/λ
+ v
)
yˆ of the array, where Dx and Dy are the
element spacings in the xˆ-directions, and yˆ-directions, and u = cosφsw sin θsw and v =
sinφsw sin θsw. The location of such scan blindnesses can therefore be approximately
predicted in u, v space, by, [112]
1On infinite arrays, surface waves are tightly bound to the grounded dielectric and do not radiate.
On finite arrays, surface waves can radiate through diffraction from the array edges. Since this
radiation does not occur in the interior of the array, the interior elements will in fact experience
blindness conditions (zero radiation resistance).
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(
βsw
k◦
)2
=
(
p
Dx/λ
+ u
)2
+
(
q
Dy/λ
+ v
)2
, (4.18)
where βsw ≥ ko is the known grounded dielectric surface wave propagation constant
and p and q are integer Floquet mode indexes.
To find βsw of the grounded dielectric slab, the analysis begins with the character-
istic equations of the TM and TE modes on the homogeneous, unloaded (dipole layer
is removed) grounded dielectric of Fig. 4.23. This calculation ignores the loading
effects of the dipoles, but these loading effects were shown to be negligible in [112]
when compared with rigorous method of moments calculations. The characteristic
equations of these modes are expressed as, [113]
TM modes: kct tan kct = rht, (4.19)
TE modes: −kct cot kct = ht, (4.20)
where kc and h are the cutoff wavenumbers in the dielectric slab (0 ≤ z ≤ t) and
in the air above the array (t ≤ t < ∞), respectively. These cutoff wavenumbers are
related by
(kct)
2 + (ht)2 = (r − 1)(k◦t)2, (4.21)
which is obtained by enforcing tangential field continuity of the fields in the air and
the dielectric slab at the interface (z = t) (and is not included here for brevity). As
stated previously, the equations depend on t, the total thickness of the array dielec-
tric, not just the substrate beneath the dipoles. To find the propagation constant of
the TM and TE modes, equation (4.19) and (4.20) are each, in turn, solved simultane-
ously with (4.21) for kc. The simultaneous solution of these transcendental equations
requires numerical or instructive graphical methods, as demonstrated in Fig. 4.24(a).
As shown, (4.21) is a circle centered at the origin with a radius equal to
√
r − 1(k◦t),
while (4.19) and (4.20) are tangent functions; abscissa at their intersections represent
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valid solutions of kct. Based on the the locations where the transcendental curves of
(4.19) and (4.20) cross the horizontal axis, simple analytic expressions for the cutoff
frequencies fc of the TMn and TEn surface wave modes can be derived from (4.19),
(4.20), and (4.21) to be
TMn : fc =
nc◦
2t
√
r−1 , n = 0, 1, 2... (4.22)
TEn : fc =
nc◦
4t
√
r−1 , n = 1, 2, 3... (4.23)
where c◦ is the speed of light in a vacuum. These cutoff frequencies are useful in
finding the ordering of the modes, and they provide valuable information on which
surface wave modes are possible on a given structure. From (4.22), it is clear that
there is no cutoff frequency for the TM0 mode, and that the TE0 mode does not exist
on the grounded slab. There is no TEo mode because of the ground plane, which
“shorts out” this mode (TE0 mode requires a non-zero tangential electric field at the
ground plan).
Finally, once kc is found, the separation equation in the dielectric slab (0 ≤ z ≤ t)
k2c = rk
2
◦ − β2sw, (4.24)
is used to compute βsw, and (4.18) is then used to find the angles (φsw, θsw) where the
scan blindnesses occur. This graphical solution method provides valuable insights,
the most important being that an increase in r or t increases the radius of the (4.21)
circle, resulting in larger propagation constants βsw (moving θsw closer to broadside,
based on (4.18)) and potentially increasing the number of modes that are excited as
more curves are intersected.
To demonstrate the solution method and provide a worst-case scenario for the
PUMA array, Fig. 4.24(a) shows the graphical solution of an array with Dx = Dy =
t ≤ λhigh/2 and r ≤ 2.2, showing the propagation constants calculated for each mode
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from the intersection points. Note that for this structure the cutoff frequency of the
TE1 mode is fc ≥ 0.46fhigh, and TM1, the next higher order mode, has a cutoff
frequency of fc ≥ 0.91fhigh. Fig. 4.24(b) shows the grating lobe diagram [112] of
the xˆ-polarized array, where the grating lobe diagram is modified to have an overlay
of the surface wave circles having radii equal to the propagation constant of each
surface wave mode with centers at each of the inverse lattice coordinates
(
p λ
Dx
, q λ
Dy
)
.
Along the E-plane, the TM0 mode intersects the u-axis at S1, which corresponds to
a scan blindness at θsw = 35.2
◦, and the TM1 mode intersects the u-axis at S3, which
corresponds wtih a scan blindness at θsw = 82.8
◦. Though the TE1 mode intersects
the u-axis, no scan blindness occurs along the E-plane since the polarization of the
dipoles is orthogonal to the electric field distribution of the TEn modes. Note that
the surface wave will be excited once the array is scanned off of the u-axis (φ◦ 6= 0◦).
Similarly, along the H-plane the polarization of the dipoles is orthogonal to the electric
field components of the TMn modes, thus these modes are not excited. However, the
TE1 mode intersects the v-axis at S2, which corresponds with a scan blindness at
θsw = 46.4
◦. Though the TM1 mode can be excited, it occurs only at very wide scan
angles near grazing, well beyond typical scan volumes, thus is not relevant for the
PUMA. As a result, only the lowest order modes, TM0 and TE1, are of interest for
typical PUMA arrays.
4.2.3.2 Surface Wave Mitigation Via Perforated Dielectric
Since the PUMA topology has TM0 and TE1 surface wave modes above cutoff
inside the operating band and scan volume, a strategy is required to move scan
blindnesses out of the desired scan volume and frequency range. As discussed in the
previous section, βsw increases with r and t in a PUMA array, thus these parameters
should be minimized to increase θsw. Since t is an important design parameter in
achieving wide bandwidth, [43], the only option is to reduce r. Currently, the lowest
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Figure 4.24. Surface wave analysis of PUMA array with Dx = Dy = t = λhigh/2
and r = 2.2, for f = fhigh. (a) Graphical solution of (4.19), (4.20), and (4.21) to find
βsw for each mode. (b) Grating lobe diagram, showing the surface wave circles that
indicate the locations of scan blindnesses S1, S2, and S3. .
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r for PTFE materials is r = 1.96 (Rogers 5880LZ), but even that is not sufficient
to move surface waves out of the θ = 45◦ scan cone.
Instead, the effective permittivity can be further reduced by perforating the di-
electric layers with a series of periodic cylindrical holes in the region between the
dipoles as shown in Fig. 4.25(b). The effective permittivity, r,eff of the dielectric
stack, is reduced by the volume averaging of the permittivities of the dielectric and
air-filled holes, and is given (based on a derivation similar to [114]) by
r,eff =
(piR2)(1) + (DxDy − piR2)r3
DxDy
(4.25)
= r3 − piR
2
DxDy
(r3 − 1), (4.26)
where R is the radius of the cylindrical holes in a rectangular grid as shown in Fig.
4.25(a). The effectiveness of the cylindrical hole perforation is demonstrated using a
simple single-polarized, tightly coupled dipole array placed between two dielectrics, of
thicknesses t3 = 3.175mm (total thickness t = 2t3 = 6.35mm) with r1 = r3 = 2.2,
and backed by a ground plane, shown in Fig. 4.25. The ideal, gap-fed dipoles have a
length α = 6.6mm and width β = 1.2mm, with element spacings Dx = Dy = 6.8mm.
First, the theoretical locations of the scan blindnesses at f = 21.5GHz are shown
on the surface wave diagrams of Fig. 4.26, where r = r,eff . The element spacing is
less than λ/2 at f = 21.5GHz, thus there is a gap between the visible space circle and
the nearest grating lobe circles, and also results in the scan blindnesses being moved
slightly further from broadside. The array without holes is shown in Fig. 4.26(a)
to have scan blindnesses at θsw = 39.7
◦ and θsw = 53.2◦ in the E- and H-planes,
respectively. Fig. 4.26(b) shows that with cylindrical holes of radius R = 2.5mm, the
scan blindnesses are moved to θsw = 54.8
◦ and θsw = 74.7◦ in the E- and H-planes,
respectively, an increase of nearly 20◦. In particular, the surface wave circles are
moved far enough out of the visible space circle such that most of the scan volume
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Figure 4.25. Perforated dielectric arrangement. (a) Top view of substrate, showing
spacing Dx, Dy and radius, R, of the holes in the dielectric; (b) top and cross section
of a single-polarized, tightly coupled dipole array on a perforated dielectric.
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Figure 4.26. Theoretical scan blindness analysis of the dipole array at f = 21.5GHz
(upper edge of the band). (a) Surface wave diagram for array without holes. (b)
Surface wave diagram of array with cylindrical holes of radius R = 2.5mm.
(θ◦ ≤ 55◦) is scan blindness free. Next, the array was analyzed at f = 21.5GHz as a
doubly-periodic, full-wave infinite array using Ansoft/Ansys HFSS, [99], for scanning
in the E- and H-planes, as shown in Fig. 4.27. The cylindrical hole radius is varied
from R = 0 − 2.5mm. The results in Fig. 4.27(a) show the unperforated substrate
dipole array has an E-plane scan blindness at θsw = 39
◦, while the dielectrics with
cylindrical holes of increasing radius lead to progressively larger scan blindness angles.
At R = 2.5mm, the surface wave occurs at θsw = 54
◦. These full-wave results are
compared with the theoretical predictions in Table 4.4, and the results are in excellent
agreement.
The H-plane scan case is shown in Fig. 4.27(b), where the unperforated substrate
dipole array has a scan blindness at θ = 55◦, whereas the array with holes of radius
R = 2.5mm show the scan blindness is removed altogether from the scan volume. The
theoretical predictions and the full-wave results are compared in Table 4.5, showing
good agreement for small holes, but increasingly poor agreement for the large holes.
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Figure 4.27. Broadside normalized active reflection coefficient, |Γa|, variation versus
θ scan angles at f = 21.5GHz and various perforated dielectric hole radii. (a) E-
plane. (b) H-plane. All curves assume the array is conjugate matched to the source
impedance at broadside (Z◦ = Zin(θ◦ = 0◦, φ◦ = 0◦)∗).
Table 4.4. E-plane scan blindness angles: theory vs. numerical simulations at
f = 21.5GHz
R [mm] r,eff
Theory (4.18) Numerical (HFSS) Error
θSW [deg] θSW [deg] [%]
0.00 2.20 39.7 39.3 1.02
0.50 2.17 40.4 39.8 1.50
1.50 2.02 44.5 43.7 1.83
2.50 1.69 54.8 53.8 1.00
Table 4.5. H-plane scan blindness angles: theory vs. numerical simulations at
f = 21.5GHz
R [mm] r,eff
Theory (4.18) Numerical (HFSS) Error
θSW [deg] θSW [deg] [%]
0.00 2.20 53.2 55 3.27
0.50 2.17 54.0 56 3.57
1.50 2.02 59.1 69 14.3
2.50 1.69 74.7 — —
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This indicates that the holes have a much more significant effect on the TEn sur-
face waves, particularly the higher-order TE1 mode that is responsible for the scan
blindnesses along the H-plane, possibly a band strop behavior much like a photonic
crystral. Nevertheless, the H-plane scan blindnesses consistently appear further from
broadside than the theory predicts, thus the theory can be used as a worst case esti-
mate of these blindnesses. Furthermore, the H-plane blindnesses appear further from
broadside than the those in the E-plane, and therefore are not typically problem-
atic (if there are H-plane scan blindnesses in the scan volume, there will already be
E-plane blindnesses occurring closer to broadside).
Overall, through various studies (including the infinite array design of Section 4.4
and the PUMA prototype presented in Chapter 5) have shown the cylindrical holes to
be effective in moving the scan blindnesses further from broadside by approximately
10 − 20◦. It should be noted that this section investigated the effect of only cylin-
drical perforations in the dielectrics, because of their manufacturing simplicity, and
were shown to be effective in extending the usable scan volume of the array. Other
hole shapes, such as rectangular or square, could be used at a small manufacturing
complexity increase (requiring milling vs. the simple drilling of the cylinders).
4.3 Practical Considerations
This section will highlight several key implementation issues that affect the wide-
band performance of PUMA arrays: 1.) the realization of the inter-element capacitors,
2.) the use of one vs. two shorting vias, and 3.) the effect of gaps in between the
modular tiles.
4.3.1 Capacitor Geometries
In the PUMA array, the dual-polarized dual-offset (egg-crate) lattice arranges the
dipoles such that the ends of the dipole arms meet and are capacitively coupled to-
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gether, as shown in Fig. 4.1(a). A circuit schematic of this arrangement is shown in
Fig. 4.28, which shows the dominant capacitive coupling CCX between each of the
orthogonal dipole arms, and the capacitive coupling CCO between the co-polarized
dipoles arms, which is shown dashed since it is much weaker than CCX . In fact,
the effective total capacitance between the co-polarized dipole arms can be written
CCO,eff = CCO + CCX//CCX + CCX//CCX , which is dominated by the CCX capac-
itances. With this in mind, the goal is to increase the co-polarization capacitive
CCX CCX
CCX CCX
CCOCCO
Figure 4.28. Circuit model of the inter-element capacitive coupling in the PUMA ar-
ray, showing the orthogonal polarization capacitive coupling CCX and co-polarization
capacitive coupling CCO (shown dashed, as these are effective capacitances).
coupling CCO,eff as much as possible, which requires boosting the cross-polarization
capacitive coupling. There are many candidate methods that can be used to increase
the inter-element capacitance CCX . One solution is to use lumped capacitor elements,
but this approach limits the operation to low frequencies, and with potentially sig-
nificant parasitics and losses. This would also require assembly with a pick-and-place
machine, or laborious hand-soldering to implement, making this a costly fabrication
step for even moderate sized arrays. A preferable option is to use printed capacitor
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geometries that allow the capacitor to be integrated into the printed dipole elements
and operate well at high frequencies. A sampling of possible dipole arm shapes are
shown in Fig. 4.29, This section will first consider the use of interdigited capacitors
in an example PUMA design, as depicted in Fig. 4.29(d), which will demonstrate
the excitation of a problematic resonance that makes this type of printed capacitor
unsuitable for PUMA arrays. To avoid this problem, an overlapping parallel-plate ca-
pacitor arrangement will be introduced, similar to the concept in Fig. 4.29(g), which
provides high capacitive coupling while avoiding any spurious resonances.
(a) (b) (c) (d) (e)
(f) (g)
Figure 4.29. Examples of dual-polarized PUMA dipole shapes, showing a unit cell
top view centered over the location where the four dipole arms meet to highlight the
capacitive coupling arrangements. The black squares represent the vertical feed lines
and shorting vias. (a) Arrow-shaped arms. (b) Diamond-shaped arms. (c) Patch-
shaped arms. (d) Straight dipole arms coupled with a diamond-shaped arrangement
of interdigited capacitors. (e) Straight dipole arms with coplanar parasitic capacitive
loading. (f) Straight dipole arms with parasitic capacitive plate loading on a second
layer. (g)Dipole arms arranged on different dielectric layers with overlapping arms to
form parallel plate capacitors.
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4.3.1.1 Interdigited Capacitors
The PUMA dipoles shown in Fig. 4.1(a) have interdigited capacitors between the
dipole ends in the shape of a diamond, which provides strong coupling between neigh-
boring dipoles. To better understand the capacitive coupling of this arrangement. To
better understand the capacitive coupling of this arrangement, a sketch of a printed
interdigited capacitor is shown in Fig. 4.30(a), and its equivalent circuit is shown in
Fig. 4.30(b). For the PUMA the substrate is quite thick, thus the shunt capacitances
are negligible, and the series capacitance C2 is the parameter of interest. It can be
approximately calculated as [115]
C2 =
(
r + 1
W
)
l[(N − 3)A1 + A2], (4.27)
where W is the width of the capacitor, l is the length of the fingers, N is the number
of fingers, and A1 and A2 represent the capacitive contributions of the inner- and
outer-fingers (both of which decrease with finger gap size X, and increase with T as
the shunt capacitance between the fingers and the ground plane decreases, see Fig.
4.30(c)). This equation indicates that long fingers and small gaps increase the series
capacitance. Intuitively, this can be explained by thinking of the interdigited capac-
itors as meandered, planar parallel plate capacitors, where the small gap between
and the combined surface area of the fingers provides a high capacitance similar in
manner to the separation and area of parallel plate capacitors. These capacitors are
attractive because they allow for a single printed layer, which simplifies fabrication.
However, they suffer from printing tolerances when used at high frequencies, where
the minimum printed feature size places a lower bound on the width and separation
of the fingers that limits the achievable capacitance. Based on (4.27) the only other
option for increasing capacitance is to increase width and/or length of the fingers to
compensate for the large large gaps, but as it will be explained in the next paragraph,
when the fingers become electrically long they can support resonances with scan.
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(a)
(b)
(c)
Figure 4.30. The printed interdigited capacitor, [115]. (a) Labeled geometry and
parameters. (b) Equivalent circuit model. (c) Variation in the finger capacitances A1
and A2 with substrate thickness and finger width and separation X.
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To demonstrate the performance of the interdigited capacitors, a high frequency
PUMA array design example operating up to fhigh = 21.5GHz is shown in Fig. 4.31.
The top view of the unit cell shows the interdigited capacitors arranged in a diamond
L = 1.0
W = 1.0
1.3
R0.6 0.1
0.1
7mm
7m
m
V-pol 
H-pol 
Shorting
Posts
Feed
Lines
Ground
Plane
εr = 1.96
εr = 1.96
12
5m
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12
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(a) (b)
Figure 4.31. Geometry details of the PUMA array with interdigited capacitors be-
tween the dipole arms. (a) Top view of dipole layer, with all dimensions in millimeters.
(b) Side view of array showing the dielectric stackup.
shape. This is due to the dual-polarized, dual-offset (egg-crate) lattice utilized in the
PUMA array, which is different from the coincident-phase lattice used in the tightly
coupled dipole (TCD) array [43,46]. In the the TCD array, these capacitors are placed
between co-polarized and extend across the only convenient split plane in the TCD,
thus is a major reason why these arrays are not modular.
It is seen in Fig. 4.31 that the diamond shape is quite large, a significant fraction
of the overall dipole length. This is due to the high frequency of operation, where
the maximum element spacing in each plane is 7mm to avoid grating lobes, and
the limitations of fabrication tolerances. As of the date of the completion of this
dissertation, chemical etching printing tolerances on soft substrates limit the feature
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size of the gaps and fingers to a minimum of 0.1mm (4mil), which is an electrically
large gap size. As a result, the capacitors are lengthened/widened to compensate for
the large finger spacing, based on (4.27), forming the large diamond shape.
The performance of this structure is analyzed in an infinite array environment
using Ansoft/Ansys HFSS [99], and Fig 4.32(a) shows the infinite array active VSWR
for broadside and scanning to θ = 45◦ in the E- and H-planes. At broadside the
design is shown to work well, where the VSWR is well below 2 from 7-21.5GHz, a 3:1
bandwidth. However, at θ = 45◦ in the H-plane, the VSWR is shown to have a large
spike near 18GHz. The cause of this spike is evident when the currents at the dipoles
are plotted at f = 18.07GHz in Fig 4.32(b). The figure shows a strong loop current
distribution circulating around the diamond-shaped interdigited capacitor structure.
This loop mode is not present at broadside because of the symmetry of the structure,
but scanning along the H-plane of the excited element breaks the symmetry and
asymmetric currents result on the arms of the diamond that excite the loop. In Fig
4.32(b), the current is noticably stronger on the right-hand side of the loop, since the
array is scanned along this direction. Finally, scanning along the E-plane shows only
a small “wiggle” in the VSWR near f = 18GHz, and the resonance is not excited
strongly.
Considering the currents at θ = 45◦ in the H-plane once again, a closer exami-
nation of the currents on the dipole arms reveals a strong circulation in the currents
near the interior of the diamond shaped capacitor arrangement and weaker currents
along the outer edges, with little current on the dipole arms near the feed arms. The
confinement of the currents near the center and interior edges of the diamond im-
plies an approximate loop size as shown by the dashed diamond loop overlaid on the
plot of the currents. Each arm of the loop is approximated by the 1mm interdigited
capacitor length plus 0.25mm on each side (a total side length of 1.5mm), roughly
the extent of the confined currents. This results in L = 4(1.5mm) = 6mm, and by
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Figure 4.32. Performance of the PUMA array with interdigited capacitors between
the ends of the dipole arms. (a) Infinite array VSWR for boadside and θ = 45◦
in the E- and H-planes. (b) Circulating square loop currents on the dipole layer at
f = 18.07GHz when the array is scanned to θ = 45◦ in the H-plane, with an overlay
showing the approximate effective diamond loop size.
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setting this equal to half a wavelength, the resonant frequency can be approximately
calculated as
fcap,loop =
c◦
2L
√
r
=
c◦
2(6mm)
√
1.96
= 17.9GHz,
which is very close to the f = 18.07GHz location of the loop resonance. This back-
of-the-envelope calculation does not account for capacitive loading of the loop, but
provides a rough model that suggests a simple solution. Namely, that reducing the
circumference of the diamond will shift the resonant frequency up in frequency, above
the operating band.
To demonstrate this, the circumference of the capacitors is reduced to 0.6mm, and
the new effective size of the diamond loop becomes L = 4(0.6 + 2 × 0.25) = 4.4mm,
and the half-wavelength resonant frequency is now approximately
fcap,loop =
c◦
2(4.4mm)
√
1.96
= 24.4GHz,
which is well above the highest operating frequency. The VSWR performance of this
design is shown in Fig. 4.33, and shows the resonance is moved out of the band.
Unfortunately, a comparison of Fig. 4.32(a) and Fig. 4.33 shows that the reduced
capacitance raises the low frequency edge of the band, and the impedance match
worsens. Studies have shown that compensating for this smaller capacitance can
be a major challenge, and attempts at recovering the original capacitive coupling
levels often brought the loop mode back down into the operating band. As a result,
this interdigited capacitor arrangement should be avoided, and the PUMA designs
presented in this work uses an alternative, simple parallel plate capacitive presented
in the next section.
4.3.1.2 Parallel-Plate Capacitors
Parallel plate capacitors between the dipole arms can be used to avoid the reso-
nances that plagued the interdigited capacitors of Section 4.3.1.1. Fig. 4.34(a) shows
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Figure 4.33. Performance of the PUMA array with reduced circumference interdig-
ited capacitors loop between the ends of the dipole arms, showing the infinite array
active VSWR for boadside and θ = 45◦ in the E- and H-planes.
the top view of a parallel plate based, dual-polarized PUMA unit cell, where the arms
are located on separate metal layers and are capacitively coupled using a diamond
shaped capacitor arrangement between the arms. The parallel plate capacitors are
formed by overlapping plates extending from each of the dipole arms. In this depic-
tion the H-pol dipoles are located on the top metal layer of a dielectric having r and
thickness t2, shown in Fig. 4.34(b), and two small plates of width Cw and length CL
extend from the end of the dipole oriented at a right angle to each other. The V-pol
dipoles are located on the bottom dielectric layer, and have identical plates extending
off the ends of the dipoles. Though the location of the capacitors is the same as that
of Section 4.3.1.1, the parallel plate capacitors offer a much larger capacitance in a
smaller size, resulting in a much smaller resonant loop size that does not resonate
inside the operating band. This can be seen by applying the classic parallel plate
capacitance formula to this simple geometry
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Figure 4.34. PUMA array using parallel plate capacitors between the dipole arms.
(a) Top view of unit cell showing overlapping dipole layers. (b) Side view of capacitors
formed by overlapping plates extending from the dipoles.
Cparallel plate = r
CwCL
t2
, (4.28)
where CwCL is the area of the plates. Thus, a very high capacitance can be realized
by printing the dipole layers onto a thin dielectric layer of thickness t2 without having
a very large Cw and CL. Unlike the interdigited capacitors, where the capacitance
for a given footprint is severely limited by printing tolerances, this parallel plate ar-
rangement does avoids the limitations of the printing tolerances. Dielectric susbtrate
layers at high r are available in 5mil thicknesses, which has been used in arrays op-
erating up to 21GHz without issues, and even smaller capacitor separations t2 can be
realized using thin bondfilms between the metal layers. Bond films can be utilized
by printing the top and bottom dipole layers on thick dielectrics, and then bonding
the tow dielectrics together with the dipoles properly aligned (though one must be
careful that the bond film is thick enough to ensure the dipoles do not touch or the
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performance will be destroyed. Finally, high permittivity dielectrics can be used to
directly increase the capacitance via (4.28).
To illustrate the advantage of the parallel-plate capacitor PUMA element topology,
an array was designed using the parallel plate capacitors of Fig. 4.34 with all other
array parameters identical to the example in Fig. 4.31. It uses parallel plate capacitors
of length CL = 1mm and CW = 0.5mm, and have a separation of t2 = 2.5mil, which
is also of relative permittivity r = 1.96, the same as the substrate and superstrate
layers. The broadside active VSWR of this array is shown in Fig. 4.35 to be less
than 2 over 6.8-21.2GHz, exhibiting similar behavior as in the interdigited capacitor
design. More importantly, when scanned to θ = 45◦ in the E- and H-planes no
spurious resonant modes are observed due to the capacitor arrangement. Note the
high VSWR for θ = 45◦ in the E-plane at the high frequency end of the band, which
is due to the onset of surface waves.
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Figure 4.35. Infinite array VSWR performance of the PUMA array with parallel
plate capacitors between neighboring dipoles, scanned to boadside and θ = 45◦ in the
E- and H-planes.
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Since the dipole polarizations are separated by the dielectric thickness t2, there
is concern than the coupling between the layers could increase the cross-polarization
level of the array. Using the same parallel-plate design, the separation t2 was varied
to very large separations and the performance was analyzed for scanning to θ = 45◦ in
the D-plane. Fig. 4.36(a) shows the VSWR for each case, where it is apparent that the
low frequency band edge increases as t2 increases and the inter-element capacitance
is reduced. This increase is due to the loop-mode frequency increasing as the inter-
element capacitance decreases, as discussed in Section 4.2.2.4. This loop-mode is also
evident at the low frequencies in the inter-polarization coupling CV H of Fig. 4.36(b)
and the cross-polarization levels of Fig. 4.36(c). Besides the increase at low frequency
due to the loop mode, it is seen that very large separations of, for example t2 = 15mil,
result in a very small increase in cross-polarization of approximately 1 − 2dB near
18GHz, but otherwise show no major increase in cross-polarization.
Numerous designs have been developed that successfully use this arrangement
at (currently) up to 5:1 bandwidths without any spurious resonances. An infinite
PUMA array design is presented in Section 4.4 that utilizes parallel plate capacitors
and operates over a 5:1 bandwidth out to wide scan angles. Finally, Chapter 5 details
the design and fabrication of a prototype PUMA array operating up to 21GHz, which
use a similar overlapping dipole end scheme to form the parallel plate capacitors.
4.3.2 One Vs. Two Shorting Vias
This section considers the use of one or two shorting vias per dipole in the PUMA
array. Shorting vias were shown to be the key to controlling a common-mode res-
onance in PUMA arrays in Section 4.2.2.3. However, it was also shown in Section
4.2.2.4 that these shorting vias introduced a loop-mode resonance at the low-end of
the operating band. This loop-mode resonance can be moved to a lower frequency
(ideally below the operating band) by increasing the length of the resonant loop that
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Figure 4.36. Performance of infinite PUMA arrays with parallel plate capacitors
at θ = 45◦ in the D-plane for various capacitor parallel plate separations t2. (a)
Active VSWR. (b) Inter-polarization coupling CV H . (b) Ratio of cross- to co-polarized
radiated powers using Ludwig’s third definition, [104].
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is formed between the elements, and Section 4.2.2.4 suggested several strategies to
do so. An additional solution is to increase the size of the resonant loop by simply
removing the shorting via on the grounded dipole arm. It is noted that the shorting
via at the fed arm is always necessary since it provides the grounding that converts
a Type 2 array into a Type 1 array, as described in Chapter 2. When the shorting
via on the grounded fin is removed, the grounded feed line can instead act like the
shorting post on this dipole arm. The new fcm can be predicted by setting dg = 0 in
Eq. (4.2.2.3). This solution reduces the number of plated vias required in the array,
reducing cost, and helps alleviate fabrication tolerances on the via-to-via spacing,
since often the grounded feed line and the shorting via on the grounded dipole arm
are located close together.
The electrical benefits of using one shorting via are best understood through an
example. Consider the optimized dual-polarized PUMA array of Section 4.4, which
is modified to have two-shorting vias. The Γa of the optimized PUMA with one and
two shorting vias behaves very similarly above mid-band, and is not included here.
Instead, the inter-polarization coupling CHV (coupling from V-ports to H-ports) is
of interest here, and is shown in 4.37. With two shorting vias, the coupling is very
strong near 1.25GHz, and goes all the way to 0dB. At this frequency all of the input
power is coupled into the orthogonal polarization, and thus the radiation efficiency
is poor. However, when the shorting via on the grounded dipole arm is removed, the
peak in CHV moves down to 1GHz, and the coupling only reaches −8dB, indicating
a weaker resonance. This simple modification improves the low frequency impedance
match of the array and reduces the cross-polarization at the low-frequency band edge,
since the loop-mode radiates cross-polarized fields and, even though it may be located
just outside the operating band, the “skirt”, or width of this resonance often affects
the very low end of the operating band.
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Figure 4.37. Comparison of the port-to-port (inter-polarization) coupling CHV (Ver-
tical to Horizontal polarization) for the optimized dual-polarized PUMA array with
one and two shorting vias.
4.3.3 Modularity Tolerances
One of the attractive features of the PUMA array is that it can be split into
modular tiles that can be assembled to form arbitrarily large arrays. The concept is
mechanically simple: the array is split into modular tiles along unobstructed planes
in the array, shown in Fig. 4.2, where the split planes occur between the vertical
feed lines of the elements. This section will explore the electrical implications of the
separation between the modular tiles, which could occur due to mechanical tolerances,
bowing of the PCBs, or loose-fitting tiles.
Before the effects are studied via full-wave simulations, it is helpful to first briefly
consider the impact of the module separation via basic transmission line theory. The
vertical feed lines are a basic two-wire transmission line, which have a characteristic
impedance Z◦ that can be approximately expressed as [102]
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Z◦ ≈ η
pi
log
G
Rf
, (4.29)
where η =
√
µ

is the intrinsic impedance of the medium surrounding the conductors,
and G is the conductor separation and Rf is the conductor radii shown in Fig. 4.38.
If the separation between the the feed lines increases, by (4.29) Z◦ will increase.
Also, if the modules are separated and have air gaps between them, the effective
permittivity of the medium will decrease, thereby increasing η and further increasing
Z◦. The vertical feed line impedance helps transform the high aperture impedance (see
Section 4.2.1) similar in fashion to a quarter-wave transformer, and a higher feed line
Z◦ of the feed lines can lead to a higher input resistance, and modify the impedance
match seen at the ground plane. There are also effects due to the increasing feed gap
between the dipole arms, which affects the capacitance between the dipoles and will
be shown to cause the impedance loci to “unwrap” on the Smith chart.
In addition to the increase in impedance, the increased feed line separation G may
lead to higher cross-polarization levels due to increased parasitic radiation from the
vertical feed lines. In the PUMA these vertical feed lines radiate a polarization that
is orthogonal to the horizontal dipole radiation, resulting in increased cross-polarized
levels from the array. While extremely large gaps are not expected between the
modules (very significant fractions of the operating wavelength), particularly since a
large gap would have already destroyed the impedance performance, small spacings
could have an appreciable impact on the cross-polarization levels at extreme scan
angles. All results in this section are of infinite array, unit cell simulations carried
out using Ansys/Ansoft HFSS [99].
Fig. 4.38 shows the top view and cross-section of a dual-polarized PUMA array
with a parameter gap denoting the separation between two adjacent modules. Note
that the gap in this model exists between all feed lines (forming 1×1 dual-polarized
modular tiles) and thus represents the worst case scenario. In practice, 4×4 or 8×8
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dual-polarized tiles (or larger) are used, and the effect of the gap would be reduced
(and only affect those elements along the gap). The details of the dipole arrangement
and parameters are identical to those of the array design of Chapter 5, operating over
approximately 7-21GHz, though with only one shorting via on the grounded fin side.
Fig. 4.39(a) shows the broadside active VSWR for small separations, gap, between
the modules. For spacings up to 3mils, the VSWR shows very little variation, and a
gap
G
Rf
Z
o=
50ΩZin
εr3
εr2
εr1 120 m
il
V-POL V-POL
ς
gap
15mil
15mil
120 m
il
5 m
il
Dx = 264mil
G
2Rf
(a) (b)
Figure 4.38. PUMA model used in studying the effect of modular tile separation.
(a) Top view of model, showing the arrangement of the dipoles. Note that the gap
is placed between all dipoles in the model (essentially forming 1×1 tiles. (b) Cross
section of PUMA array used in studying the effect of the module separation (gap).
PUMA array with tightly-fitting tiles operates very similar to the case with no gaps (a
continuous PCB). For gap up to 5mils, the VSWR begins to show more variation, but
still only a modest change that could be compensated for with a proper design. It is
interesting that for small gap values, the match worsens at low and high frequencies,
but improves near midband. The broadside Smith chart impedance loci for gap =
no gap and gap = 5mil are shown in Fig. 4.40, showing that the impedance locus is
unwrapping as the gap size increases, while the midband impedance stays near the
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Xin = 0Ω. Fig. 4.39(e) shows the VSWR at θ = 45
◦ in the H-plane for the same
tile separations, and a similar deviation from the “no gap” case is seen. Finally, Fig.
4.39(c) shows the cross-polarization in the D-plane, at θ = 45◦, and the cross-pol is
seen to vary little over most of the band, only increasing by less than 2dB at the very
high end of the band. These variations in gap represent sizes up to approximately
2% of the element spacing at this high of frequency (fhigh ≈ 21GHz). If the array is
fabricated at other frequencies, the electrical size of gap and its effects would scale
accordingly. For example, if the array were scaled to operate over 3.5-15.5GHz (half
the frequency, therefore twice the size), and was assembled with a tile separation of
gap = 4mil, the deviation from the “no gap” case would be similar to that seen in
the gap = 2mil case shown here. Likewise, scaling to high frequencies would result in
a larger variation for a given module separation.
To demonstrate the limits of the tile separation, Fig. 4.39(b) shows the broadside
active VSWR for gap =10-35mils. The VSWR increases dramatically at this large
spacing, where a separation of 35mil is 13% of the element spacing. The broadside
Smith chart impedance loci for gap = 25mil isshown in Fig. 4.40. The impedance loci
are shown to continue to unwrap and spread out, due to the increasing gap between
the dipole feed points. Fig. 4.39(d) shows the VSWR for scan at θ = 45◦ in the H-
plane, showing a similar increase in VSWR. Fig. 4.39(f) shows the cross-polarization
ratio in the D-plane at θ = 45◦. At this large tile separation, the cross-pol is seen to
increase over most of the band, where at low- and mid-frequencies the rise is 1-2dB,
and at the high frequencies the increase is nearly 5dB.
Finally, a different approach considered here is to deliberately introduce a module
separation between the modules that is uniform and controllable, and place a dielectric
spacer (elastomer) between the modules. This provides mechanical support for the
tiles, and electrically will help control the characteristic impedance of the vertical
lines. Fig. 4.41(a) shows the cross-section of the array, now having a dielectric spacer
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Figure 4.39. Tolerance study on the effect of the gap between modular tiles on the
PUMA array performance. (a) Broadside active VSWR (1-5mil gaps). (b) Broadside
active VSWR (10-30mil gaps). (c) H-plane θ = 45◦ active VSWR (1-5mil gaps).
(d) H-plane θ = 45◦ active VSWR (10-30mil gaps). (e) D-plane θ = 45◦ cross-
polarization. (1-5mil gaps). (f) D-plane θ = 45◦ cross-polarization. (10-30mil gaps).
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Figure 4.40. Close-up view of the Smith chart showing the effect of the air gap
between modular tiles on the broadside active impedances, for gap = no gap, gap =
5mil, and gap = 25mil. Markers placed every 2GHz.
of permittivity rp = r1 = r3 = 1.96, to attempt to approximate the electrical
properties of a continuous dielectric across the module boundaries. The broadside
active VSWR, shown in Fig. 4.41(b), shows the variation in VSWR is dramatically
reduced, and even tile separations of gap = 5mil have performance that is very close
to the “no gap” design. This indicates that the effect of the air in the gap, which
increases η, has a stronger affect on the array impedance than the physical separation
between the feed lines.
This data shows that small separations between the PUMA tiles will have little
effect on the performance, whereas large separations show a much more pronounced
effect. However, an important consideration is that the gap separation does not
cause any catastrophic effects, such as a spurious resonance, an extreme change in
the operating band, or extremely high VSWR levels. It is also important to note
that this gap will only effect those elements along the tile boundaries—not the entire
array—and for large arrays the majority of the elements will be unaffected. The
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Figure 4.41. Tolerance study of tile separation gap on arrays with dielectric spacers
between the modular tiles. (a) Cross section of PUMA active array, showing the
dielectric-filled gap between tiles. (b) Broadside VSWR for small gaps.
results presented here are an idealized case, where the gap is assumed to be a uniform
size for all elements in the array. In reality, the gaps between the modules will not be
identical, and a statistical (probabilistic) analysis is needed to study the effects of non-
uniform gap sizes throughout the array, based on the analysis methods used to study
random errors in an array [95] or Monte-Carlo full-wave simulations. However, it is
believed that the analysis presented here can be thought of as a worst case scenario.
Finally, though no attempt was made to do so here, the gap could be incorporated
into the design phase to produce an element that operates well with a particular gap
size, especially for small gap sizes since they are shown to have minimal effect. This
element could be used along the module boundaries, whereas the interior elements
could have a different design that operates well without a gap.
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4.4 Dual-Polarized Infinite Array Design
A dual-polarized PUMA array design is presented here to provide a representative
example of how the theory and insights presented thus far can be applied to achieve
a 5:1 PUMA array with good scan performance out to θ = 45◦ in all planes.
4.4.1 Array Geometry
The overall array arrangement is shown in Fig. 4.1, where the elements are ar-
ranged in a dual-polarized, dual-offset (egg-crate) lattice. The element parameters
are listed in Table 5.2. To concurrently maximize capacitance and avoid the scan
resonance discussed in Section 4.3.1.1, the proposed PUMA design places each polar-
ization on a separate dielectric layer, with parallel plate capacitors (as introduced in
Section 4.3.1.2) formed by the overlapping portions of orthogonally polarized dipole
arms, as shown in Fig. 4.42(a). Also, as elucidated in Section 4.3.2, the shorting via
on the grounded dipole arm is removed to further enhance the low frequency perfor-
mance. Dielectric layer 3 is perforated with cylindrical holes of radius R = 10mm and
is comprised of Rogers 5880LZ (r = 1.96), while Dielectric layer 1 is an un-perforated
layer of Rogers 5880 (r = 2.2). Dielectric layers 2 and 4 are thin dielectric bonding
layers (Gore SPEEDBOARD C Prepreg bond layer), with r = 2.6, and serve as both
a means of joining the dielectric layers, as well as a useful dielectric substrate, which
is critical to the backplane matching network, described in Section 4.2.2.6.
4.4.2 Numerical Results
The array and the backplane matching network were simulated in an infinite
array environment using Ansoft/Ansys HFSS, [99], assuming PEC for vias and metal
layers, and standard dielectric models for layers 2 and 4 (Gore SPEEDBOARD C
Prepreg bond layer) and layers 1 (Rogers 5880) and 3 (Rogers 5880LZ). All results
are referenced to Z◦ = 50Ω. Periodic boundary conditions (PBC) are applied to the
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Figure 4.42. A 5:1 dual-pol PUMA array. (a) Top view of unit cell. (b) Cross
sectional view. (c) Bottom view of the matching network. (d) Circuit model of the
matching network.
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Table 4.6. 5:1 Dual-polarized PUMA array dimensions
Dx [mm] Dy [mm] CL [mm] CW [mm]
24.50 24.50 2.10 1.75
t1 [mm] t2 [mm] t3 [mm] t4 [mm]
11.80 0.127 (5mil) 14.00 0.127 (5mil)
r1 r2 r3 r4
2.2 2.6 1.96 2.6
L1 [mm] L2 [mm] W1 [mm] W2 [mm]
5.60 9.80 3.50 2.50
CR [mm] g [mm] S [mm] Fg [mm]
1.30 0.50 4.10 1.50
Lt1 [mm] Lt2 [mm] Wt1 [mm] Wt2 [mm
7.9 17.25 0.10 0.20
Rf [mm] Rs [mm]
0.88 1.30
four side walls of the unit cell, and the air box is truncated λlow/2 away from the
array with a perfectly matched layer (PML), [103].
4.4.2.1 Impedance Vs. Scan
Fig. 4.43 shows the active VSWR for various E-plane and H-plane scan angles
out to 45◦. These results are calculated by exciting one polarization and terminating
the other in 50Ω. As discussed in Section 4.3.2, the cross-polarization coupling is
very low, below -20dB over the band, therefore this is a valid means of evaluating
performance. The vertical lines in the plot indicate the band edges (1.06GHz and
5.3GHz) of this array.
Fig. 4.43(a) shows a maximum broadside VSWR of approximately 2.1, with a
VSWR less than 2 over most of the band. A maximum VSWR of 2.5 is observed
at the high frequency band edge for θ = 45◦ scanning in the E-plane. The H-plane
results are shown in Fig. 4.43(b), indicating a maximum VSWR of 2.9 at θ = 45◦
at the low end of the band, which is a typical rise for dipole arrays. The VSWR in
each of these planes is seen to vary little with scan, a benefit of the array’s low-profile
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and WAIM layer. The D-plane results are omitted since they follow an approximate
average of the E- and H-planes.
4.4.2.2 Cross-Polarization Vs. Scan
A dual-polarized infinite array can radiate arbitrarily polarized plane waves, thus
the radiated power can be decomposed into two orthogonally polarized plane waves.
For this analysis, the polarizations are chosen according to Ludwig’s 3rd definition of
cross-pol [104]. A surface S is placed parallel to the ground plane above the array,
and the power flowing through this surface is calculated by integrating the Poynting
vector of each plane wave over a unit cell, as described in detail in Section 3.4.1.2. The
co- and cross-polarization radiated powers per unit cell are shown in Fig. 4.44 over
the frequency band for scanning in the E- and D-planes; all power levels are plotted in
dB and are normalized to the incident power at the input port, and therefore include
mismatch, dielectric, and back-radiation losses.
The co-polarized power in the E-plane, Fig. 4.44(a), is nearly 0dB throughout
the band, exhibiting minor decreases only due to mismatch loss, indicating good
efficiency. The cross-polarized power is below -20dB over majority of band, and
reaches a maximum of -7dB at the low-end band edge. Overall, the cross-polarization
remains very low even at wide scan angles. The H-plane results are omitted, since
they are very similar (or better) than the E-plane.
For all angles, the D-plane co-polarized power, Fig. 4.44(b), is very similar to
that of the E-plane at broadside. The cross-polarized power is shown to be below
-20dB over the full band for angles out to θ = 30◦, and reaches a maximum of -15dB
at θ = 45◦. The increase in the cross-polarization at low frequencies is due to the
low frequency loop-mode discussed in Section 4.2.2.4, which occurs just below the
low-frequency limit of the band and produces strong coupling CHV (coupling from
Vertical to Horizontal polarization) between the feed ports and increases the cross-
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Figure 4.43. Active VSWR vs. frequency and scan angle of the infinite dual-
polarized PUMA array. (a) E-plane; and (b) H-plane. The D-plane impedance (not
shown here) is approximately the average of the two.
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Figure 4.44. Co- and cross-polarization (Ludwig’s 3rd definition) radiated power
vs. frequency and scan angle of the infinite dual-polarized PUMA array. (a) E-plane;
and (b) D-plane. The H-plane polarization levels (not shown here) are approximately
the same as the E-plane.
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polarizaion levels dramatically. The low-profile of the PUMA array helps maintain
very low cross-polarization throughout the band.
Finally, to demonstrate that the back-radiated power from the matching network
is very small, Table 4.7 shows the ratio of the back-radiated power, Pback, to the
input power, Pin, for various frequencies. The array is excited at broadside. The
back radiation loss is very small (< 1%), and as expected, it increases slightly with
frequency. This behavior is approximately the same for other scan angles as well. It is
worth noting that throughout the band the radiation efficiency (including mismatch,
port coupling, conductor, dielectric and back-radiation losses) of this infinite PUMA
array was predicted to be above 90%.
Table 4.7. Back-radiation loss of the 5:1 PUMA
f [GHz] 1.50 2.00 2.50 3.00 3.50 4.00 4.50 5.00
Pback
Pin
[%] 0.10 0.20 0.20 0.20 0.30 0.40 0.50 0.70
4.5 Conclusion
The proposed PUMA array offers wideband and wide-scan performance in a sim-
ple, modular, truly planar (only plated vias are non-planar) architecture that allows
both the array aperture and feeds to be printed using standard microwave fabrication
techniques that result in low-cost and frequency scalable manufacturing. Addition-
ally, the unbalanced feed arrangement removes the necessity for external wideband
baluns and cable organizers. The radiating elements are simple tightly coupled hori-
zontal dipoles arranged over a ground plane in a stratified dielectric, an arrangement
that is shown to result in a wideband impedance.
Shorting vias are shown to alleviate a problematic common-mode that occurs
when the dipoles are fed from unbalanced feed lines. Moreover, for a dual-polarized
array the use of one shorting post is shown to improve the low frequency performance.
Simple circuit models were presented that provide insight into the shorting post op-
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eration, including control of a new low frequency loop mode. Since the PUMA array
has thick, grounded dielectric layers, theoretical and numerical simulation results in-
dicate that scan blindnesses can occur well inside the scan volume. Perforating the
dielectric layers with simple drilled holes can be used to move blind angles by 10-15◦
further from broadside, which for practical array thicknesses moves the blind angles
out of the desired scan volume. The PUMA array can be fabricated in modular tiles,
which allow arbitrarily large arrays to be formed from identical tiles. Practical re-
alizations of the inter–element capacitive coupling were discussed, and overlapping
dipoles with parallel-plate capacitors at their ends were found to offer the best per-
formance due to their small size, which avoids the problematic resonances that can
be excited in interdigited capacitor arrangements. The performance of arrays using
one and two shorting vias were compared, and the use of one shorting post was shown
to reduce the inter-polarization coupling at the low-frequency edge of the band. A
tolerance study shows that the performance of the elements at the tile boundaries
changes very little when small gaps occur between the tiles, though for large gaps
the performance degrades gracefully without any catastrophic resonances appearing.
Finally, a dual-polarized infinite PUMA array design was presented that has a 5:1
bandwidth with VSWR < 2.1 at broadside and < 2.9 out to θ = 45◦ in all planes.
The cross-polarization of this array was found to be less than approximately −15dB
out to 45◦ scan in the D-plane.
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CHAPTER 5
MEASURED PERFORMANCE OF A 7-21GHZ PUMA
ARRAY PROTOTYPE
Building on the theoretical foundation of Chapter 4, this chapter presents the
design, fabrication, and measurement of a 16×16 dual-polarized Planar Ultrawide-
band Modular Antenna (PUMA) array prototype that operates over over 7-21GHz
(3:1 bandwidth), [116–119]. The array is fabricated as a single low-profile (thickness
= 6.25mm ≈ λhigh/2.3) multilayer microwave PCB, as shown in Fig. 5.1, with a
prototype cost less than $2/element. This prototype is the first PUMA array that
has been built and tested, and in this regard serves handily as a proof of concept,
demonstrating good performance and low-cost PCB fabrication. However, the fre-
quency of operation was not arbitrary; the operating range covers a very important
set of communication bands and has a high frequency of operation (fhigh ≈ 21GHz)
that makes this range challenging to design for.
As such, this chapter opens with a brief discussion of the target application and
the alternative solutions available in the literature. This is followed by a discussion of
the design and fabrication of the array and a custom measurement fixture that is used
to obtain repeatable results at a lower cost than miniaturized G3PO array connec-
torization. The array’s impedance and radiation performance is then examined using
three simulation methods and measurements. First, infinite array unit cell simula-
tions are discussed using commercial software tools, namely Ansoft/Ansys HFSS [99],
which are fast and incorporate important mutual coupling effects, but do not cap-
ture finite array effects. Next, in-house domain decomposition finite element method
(DD-FEM) [120] computational electromagnetics tools are used to simulate 16×∞
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Figure 5.1. The 16×16 dual-polarized 7-21GHz PUMA array prototype mounted
on a measurement fixture.
and 16×16 finite array models. These simulations, in addition to mutual coupling,
incorporate truncation effects from the edges and corners of the finite array, leading
to accurate predictions of the array performance. Finally, measurements of the pro-
totype demonstrate an active VSWR < 2.1 and close to ideal gain at broadside, and
VSWR < 2.5 with low cross-polarization out to θ = 45◦ in all planes, showing close
agreement with simulations.
5.1 Application to Communication Systems
Communication systems are becoming increasingly mobile and desire low-cost,
low-profile antennas that cover multiple bands at once and can be integrated seam-
lessly with platforms. The antennas in these systems must have high G/T (gain to
noise temperature ratio) over multiple bands with dual-polarized operation and low
cross-polarization over wide scan angles.
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Reflector antennas have been used extensively in multi-band communication sys-
tems, e.g. C/Ku- [121], Ku/K/Ka- [122], or K/Ka-bands [123]. Reflectors offer high
gain and low cross-polarization over a wide scan volume, but support only a single
mechanically-steered beam. This steering is slow, susceptible to the inertia of the
platform, and prone to failure due to moving parts. Additionally, these systems are
inherently non-conformal and bulky, which increases the radar cross section (RCS).
As an alternative, phased arrays offer low-profile, low-weight, electronically steer-
able solutions that can support multiple independantly scanned beams [124]. Nar-
rowband microstrip patch arrays have been developed with single-band [125–127]
or multi-band [128, 129] operation having single- or dual-polarization. The largest
bandwidth achievable with these microstrip arrays is obtained using stacked patch
configurations that are typically limited to 20% [39, 40], which can only cover a few
bands at once. Though offering only a limited bandwidth, these arrays have been
popular due to their low-cost printed fabrication, conformal nature, and ability to be
fabricated up to Q-band on soft substrates.
While the antennas discussed so far can cover one or two system bands, future
platforms desire apertures that can simultaneously cover many bands simultaneously
and be able to host other systems, via a so-called multifunctional aperture [5]. There
are also UWB applications that operate over large instantaneous bandwidths, greater
than 50% or more, that cannot be served by these narrow bandwidth solutions. One
such example that offers a large bandwidth for either multi-function or UWB systems
is a “crossed-notch” Vivaldi array, [30], operating over 7-21GHz with wide-scanning
and low cross-polarization radiation. However, the elements of this array are not
planar, have a relatively high profile, and require elaborate feeding with internal
hybrids to avoid resonances.
In an effort to reduce the cost and profile of the aperture, much research effort
has focused on developing UWB arrays with printed elements while retaining their
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Table 5.1. Comparison of UWB printed element arrays.
Array Bandwidth Operating Gain Loss Planar Modular External
Technology (fhigh:flow) Range [GHz] From Ground Fab Fab. Balun
CSA 9:1 2-18 0dB No No Yes
FAA 33:1 0.30-10 1-3dB No No Yes
Thumb Tack 4:1 0.5-2 0dB No No Yes
PUMA 3:1 (5:1 Ch. 4) 7-21 0dB Yes Yes No
wideband performance. Particular examples of dual-polarized UWB arrays available
in the literature are Munk’s Tightly Coupled DIpole (TCD) or Current Sheet Antenna
(CSA) array [43, 44, 46, 47], the Fragmented Aperture Array (FAA), [47, 63, 64], and
the Thumb Tack array [58]. A summary table comparing their performance and
practicality, such as whether they have planar fabrication and whether the arrays
connect to standard unbalanced interfaces, is presented in Table 5.1. Notably, for
all three arrays only the radiating aperture is planar, as their balanced feed lines
require electrical shielding by non-planar feed organizers, which prevent them from
being fabricated as fully-planar PCBs and from having modular assembly. They also
require external wideband baluns to interface with standard unbalanced 50Ω systems
that, as discussed in Chapter 1, carry significant practical penalties.
In contrast to all of the arrays discussed thusfar, the PUMA array is the only
array that successfully combines wideband operation with truly planar, multilayer
PCB fabrication that is scalable to high frequencies and connects directly to standard
50Ω, unbalanced interfaces without an external balun/hybrid. The wide bandwidth
of the PUMA array can cover a large number of system bands at once with dual-
polarization and low cross-polarization out to wide scan angles. This prototype array
could be applied to a wide range of communication systems at low-cost, in a robust,
low-profile form-factor that easily integrates with the platform, including the potential
for conformal mounting.
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5.2 16×16×2 Prototype Array
The 16×16 dual-polarized PUMA array prototype is fabricated as a single multi-
layer PCB, as shown in Fig. 5.1. This PCB contains tightly-coupled H- and Vertically-
polarized dipoles that are arranged on a dual-offset (egg-crate) dual-polarized lattice,
as illustrated in the top view of Fig. 5.2(a). Along with a lack of feed organiz-
ers, this arrangement is key to achieving modularity, as it provides convenient split
planes between the dipole feed lines that allows the array aperture to be divided
into arbitrarily-sized modular tiles, depicted with dashed lines (1×1×2 and 2×2×2
examples are shown in Fig. 5.2(a)). To demonstrate this concept, a second 16×16
dual-polarized prototype is discussed in Section 5.2.3 that assembles the array from
four 8×8 dual-polarized tiles. By avoiding critical capacitor geometries formed by the
overlapping dipole tips, the split planes ensure reliable, consistent performance across
the array tiles. As discussed in Chapter 4, this array uses shorting vias that control
a broadside common-mode resonance that arises due to the unbalanced feeding, thus
the array is fed directly from an unbalanced 50Ω source. Finally, holes of radius Rd
(visible in Figs. 5.1 and 5.2(a)) are drilled through the PCBs in between the dipoles
to move blind angles out of the scan volume, see Chapter 4, Section 4.2.3, and [107].
5.2.1 Element Design
5.2.1.1 Overview
As shown in the side view of Fig. 5.3(a), the multilayer array PCB is comprised of
three dielectric layers. The Horizontally- and Vertically-polarized dipoles are printed
onto the top and bottom sides of a thin (t2) layer of Rogers 5880 (r = 2.2), dielectric
layer 2, ensuring a robust and uniform dipole layer separation. The superstrate and
substrate, dielectric layers 1 and 3, are comprised of Rogers 5880LZ (r = 1.96), which
has an extremely low zˆ-axis thermal expansion and is the lowest available permittivity
PTFE that supports plated vias (used to realize the feed lines and shorting posts).
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Figure 5.2. The 7-21GHz dual-polarized PUMA array. (a) Top view of dipole layers
(double-sided printing), showing boundaries of possible modular tiles. (b) Top view
of a unit cell dipole layer. The inset shows the parallel plate capacitor formed between
overlapping orthogonal dipole arms.
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Figure 5.3. The 7-21GHz dual-polarized PUMA array (continued). (a) Cross section
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array and the measurement fixture. (b) Exploded 3D view of the array, showing the
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Both layers are thick, with t1 = t3 = 3mm ≈ λhigh/4, where λhigh is the wavelength at
the highest operating frequency. When thick dielectric layers are used in multilayer
PCBs, as in this array, low thermal expansion is critical in preventing layer separation
at high temperatures. Layer 3 appropriately spaces the dipoles from the ground plane,
while layer 1 improves matching and serves as a wide angle impedance matching
(WAIM) layer to improve scanning, [109].
A detailed sketch of the dipole element is shown in Fig. 5.2(b), where the Hori-
zontally and Vertically polarized dipoles are identical and have the parameters listed
in Table 5.2. The dipole arms are simple in shape with wide ends of width Wd. Dipole
ends from orthogonal polarizations (different layers) overlap and form parallel-plate
capacitors with a separation dictated by the dielectric thickness t2. As described
in detail in Chapter 4 (Section 4.3.1.1), this simple capacitor structure avoids com-
plications associated with interdigited capacitors, such as printing tolerances on the
fingers (which affects frequency scalability) and resonances. The dipoles have a lin-
ear taper that connects the wide capacitor ends to the narrow feed points of width
Wf . A pair of plated vias of radius Rv are used to form the unbalanced feed line
structure. As shown in Fig. 5.3(a), the right-side feed line is connected directly to
ground and the left-side via is connected to the inner conductor of a 50Ω coaxial
line through a short solderless impedance transformer (Lt = t4 = 2mm), detailed
in Section 5.3.2. The most important aspect of the PUMA is the additional pair of
plated vias that connect the dipole arms directly to the ground, which mitigates the
problematic common-mode resonance that otherwise plagues unbalanced-fed dipole
arrays, as discussed in Chapters 3 and 4, [107, 111]. The separation of the vias from
the fed and grounded feed lines are Sfd and Sgd, and are important design parameters
and their behavior is documented in Chapter 4 and [107]. A 3D view of the structure
in Fig. 5.3(b) shows the arrangement of the dipole layers and the plated vias in the
dielectric stackup.
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The impedance transformer region shown with bright yellow just below the fed via
in Fig. 5.3(a) also serves as a solderless interconnect to an “expander” measurement
fixture (see Section 5.3) that hosts the coaxial cables. The inner conductor of the
coaxial interconnect is realized with a spring-like “fuzz button”, [29, 130], while the
outer conductor is formed by the wall of a hole in a thick aluminum plate, which is
attached to the bottom of the array PCB. An ECCOSTOCK LoK dielectric sleeve
(r4 = 1.7) with an inner and outer radius of RF = 0.31mm and RH = 1.5mm centers
and supports the “fuzz button” in the hole. This low-density foam is strong enough
to mechanically support the “fuzz button”, yet its low permittivity provides a high
impedance Zt = 81Ω with a small outer radius RH . The impedance level of the
short coaxial section is carefully designed to act as a matching section, and the use of
LoK dielectric is necessary to minimize the radius of the holes in the AL plate hole
in order to avoid overlap between neighboring holes. It is important to realize that
for this dual-polarized prototype on a 6.6mm square grid, the spacing between the
ports of the orthogonal dipoles is actually 4.8mm, since there are two ports per unit
cell. Each “fuzz button” presses against a circular pad of radius Rp (connected to
the excited via) on one side and the central conductor of the measurement fixture’s
coaxial cable on the other. This arrangement simplifies assembly and conveniently
allows the modular tiles to be removed and re-installed for maintenance. Section 5.3.2
details the interconnect fabrication.
5.2.1.2 Geometry Optimization/Tuning
The theory of operation developed in Chapter 4 was used to guide the optimiza-
tion carried out using Ansoft/Ansys HFSS [99] infinite array unit-cell analysis. This
section outlines the electrical design trends for a few key parameters, focusing mainly
on the impedance since other parameters, such as cross-polarization, are affected to
the second order.
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Table 5.2. 7-21 Dual-polarized PUMA array parameters
Ld [mm] Li [mm] Lf [mm] Wf [mm] Wd [mm]
3.05 2.24 1.60 0.78 1.28
g [mm] Sfd [mm] Sgd [mm] Dx [mm] Dy [mm]
0.41 1.28 1.58 6.60 6.60
Rv [mm] Rd [mm] RH [mm] Rp [mm] RF [mm]
0.30 1.80 1.48 0.51 0.31
t1 [mm] t2 [mm] t3 [mm] t4 [mm] ζ [mm]
3.00 (0.120”) 0.125 (0.005”) 3.00 (0.120”) 2.0 (0.080”) 0.38
r1 r2 r3 r4
1.96 2.2 1.96 1.70
The effects of varying the taper width Wf on the input impedance seen at the
expander plane is shown in Fig. 5.4 (see Fig. 5.3(a) for reference plane). Decreasing
Wf provides a smoother transition to the vertical feed line vias, and reduces the large
reactive and resistive swings over the band, thereby decreasing Rin at mid-band and
increasing Rin at high-frequencies. A compromise arises between boosting Rin at
high frequencies and providing a wide enough feed point Wf to be within fabrication
clearance tolerances around the feed line vias.
The printed layer dielectric thickness t2 is another critical parameter since it con-
trols the separation of overlapping parallel-plate capacitors at the ends of the dipoles,
which in turn strongly affects the impedance of the PUMA design, as shown in Fig.
5.5. As t2 decreases, the capacitance in the parallel-plate region increases and the
first resonance (loop-mode resonance in Chapter 4, Section 4.2.2.4) moves down in
frequency, though at the expense of a large swing in Rin and Xin at this resonance
that worsens the match. Conversely, this increased capacitive loading reduces the
variation in Rin and Xin at mid- and high-frequencies, centering Rin around ≈ 65Ω
and Xin around 0Ω, providing a good match to standard 50Ω systems. For this
application, the standard material thickness t2 = 5mil provides a good compromise
between the low frequency limit of operation and the variation in impedance over the
band.
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Figure 5.6. Smith chart illustrating the impact of increasing superstrate thickness
t1 on the infinite array impedance loci (Zin) of the PUMA array. (a) Broadside scan.
(b) H-plane θ = 45◦ scan. Loci shown over the frequency range 8.5-17GHz to enhance
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Proper design of the superstrate thickness t1 can improve matching at broadside
(shown in Fig. 5.6(a)) and at wide scan angles (shown for θ = 45◦ in the H-plane in
Fig. 5.6(b)). For both cases in Fig. 5.6, as t1 increases the impedance locus contracts
considerably towards the Xin = 0Ω axis, improving the impedance matching over
the band. The locus for t1 = 160mil has the smallest variation in impedance, and
hence the best impedance match, but this thickness moves the dielectric surface-wave
(scan blindness) onset near the high frequency limit of the band, reducing the scan
volume (see Chapter 4 and [107] for discussion on surface waves). As a compromise,
t1 = 120mil is found to provide surface-wave free operation within the desired scan
volume.
Finally, the effectiveness of the short (Lt ≈ λhigh/7) solderless impedance match-
ing section (interconnect) is illustrated in Fig. 5.7. The interconnect parameters,
particularly r4, are chosen to provide an impedance of Zt = 81Ω. The broadside
PUMA impedance Zant at the ground plane level (see Fig. 5.3(a) for reference plane)
is strongly capacitive, and has a resistance > 100Ω near mid-band. The short trans-
former rotates the locus Zant clockwise around the transformer impedance Zt = 81Ω
until it fits inside the VSWR < 2 circle and is balanced above and belowXin = 0Ω,
as shown by Zin. A parasitic shunt capacitance, shown dashed, is due to the annular
slot formed by the circular plate of radius Rp and the ground plane (see Fig. 5.3(a))
and has only a minor impact on the impedance.
5.2.2 Finite Array Effects
The array prototype was analyzed using the methodlogy described in [8], which ex-
ploits progressively computationally demanding modeling scales, i.e. ∞×∞, 16×∞,
and 16×16 array models, to efficiently incorporate the finite array truncation effects
into the design process (results shown in Section 5.4). The first tier simulations use
infinite array (unit cell) models that are fast and approximate the behavior of a cen-
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tral element in a large array, since they only capture mutual coupling (no truncation
effects), and are useful for tuning (Section 5.2.1). The next level utilizes slower,
increased memory 16×∞ array simulations to evaluate truncation effects along a sin-
gle finite dimension. Finally, the highest level employs computationally demanding
16×16 array simulations that account for the full finite array truncation effects. The
analysis of truncation effects is critical in predicting the performance of elements near
array edges and at low frequency bands of UWB arrays.
For this prototype, the infinite array simulations were the main tool used for
tuning, while the 16×16 were used to evaluate the truncation effects and provide
a useful comparison with the array measurements. In practice, a designer could
integrate the finite array effects into the tuning cycle to account for the truncation
effects.
5.2.3 Fabrication
5.2.3.1 PUMA Array as a Single PCB
The measurements and simulations presented in this chapter will focus on the
prototype fabricated as a single PCB, pictured in Fig. 5.1. This array fabrication
uses standard multilayer PCB processes and could be easily extended to high volume
production lines. The cost of each full 16×16 PUMA array PCB was approximately
$500, including the bonding of an aluminum plate to the bottom of the PCB, and
has a total weight (including the AL plate) of 120g.
First, the dipole layers are etched onto each side of the 5mil thick Rogers 5880
dielectric layer 2, which is then bonded to the top of dielectric layer 3 (Rogers 5880LZ),
using a 1.5mil thick Gore Speedboard C prepreg film (r = 2.6). Vias are then plated
through both layers, thereby avoiding the use of any blind vias. To complete the PCB,
dielectric layer 1 (Rogers 5880LZ) is then bonded to the top of this stackup using a
second Speedboard C bond film. Next, a thick (Lt = t4 = 2mm (80mil)) aluminum
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plate is bonded to the bottom of the array PCB with conductive epoxy. This plate
contains holes of radius RH = 1.5mm that align with the excited feed line vias and
form the outer conductor of the solderless impedance transformer, detailed in Section
5.3.2. Finally, the holes shown in Fig. 5.1 are drilled through the PCB dielectric layers
in the space between the dipoles. In addition to their electrical benefits, the holes
offer a practical mechanical advantage by providing convenient locations to insert
screws that are used to fasten the array to the top plate of the measurement fixture,
described in Section 5.3.1.
5.2.3.2 PUMA Array Assembled from Modular PCB Tiles
A second, modular version of the 16×16 dual-polarized prototype array was fabri-
cated as four 8×8 dual-polarized PCB tiles. Fig. 5.8(a) shows a single tile mounted on
the measurement fixture, and Fig. 5.8(b) shows all four modules mounted. The PCB
fabrication of the tiles is identical to thee prototype described in Section 5.2.3.1. The
modular tiles fit snugly together with almost no separation between the tiles, since a
set of alignment pins on the measurement fixture properly locate the tiles such that
they press together tightly at the tile boundaries. Tile separation is therefore on the
order of ≤ 1-2mil, which is shown in Section 4.3.3 to have a negligible effect on the
performance of the array. The nearly imperceptible tile boundaries are highlighted in
Fig. 5.8(b). Though not measured for inclusion in this work, the modular prototype
is expected to have very similar performance to the full 16×16 array (single) PCB.
This modular prototype demonstrates the practicality of modular fabrication even
at the high frequency of fhigh ≈ 21GHz, despite the difficult mechanical and etching
tolerance considerations.
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5.3 Measurement Assembly
Since this array prototype operates up to K-band (fhigh just above 21GHz), the
grating lobe onset constrains the periodicity Dx and Dy to less than 7mm (λhigh/2).
To connectorize the two ports of such a small unit-cell, expensive G3PO connectors
and loads (total cost of $120k) must be used. Moreover, measurements using G3PO
connectors are often unreliable and non-repeatable, making such connectorization
undesirable. Instead, a solderless array interconnect and an “expander” (dilation) test
fixture were designed and fabricated to allow reliable, repeatable measurements with
low-cost SMA connectors and terminations at a fraction of the cost. It is important to
note that this fixture merely eases prototype characterization—in practice the array
would connect directly to transmit/receive (T/R) modules or a printed feed network,
which could also utilize the solderless interconnect scheme presented here.
5.3.1 Expander Fixture
The expander test fixture is shown in Fig. 5.9. The flat top plate, which also
serves as a 14.5×14.5” ground plane, is shown close-up in Fig. 5.8(a), displaying the
grid of 512 flush-mounted 50Ω T-Flex 405 flexible coaxial cables that align with and
excite the feed lines of the array. Shown in the inset are threaded screw holes, which
align with drilled dielectric holes of the array PCB and allow the array to be securely
fastened to the fixture. Eight alignment pins (2/module) are used to properly align
the tiles with the coaxial cables. Assembly entails placing the array on top of the
fixture and securing it with screws, as shown in Fig. 5.8(b). As shown in Fig. 5.9(a)
and (b), the other end of each T-flex cable is connectorized with an SMA connector
that is mounted on the backside plate of the fixture. The SMA connector periodicity
is large enough (0.8” center-to-center minimum spacing) to accommodate SMA loads
and measurement cables. Special SMA connectors are employed that operate up to
27GHz without moding.
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Figure 5.8. Modular and solderless assembly of a 16×16 dual-polarized PUMA
array prototype on the measurement fixture. (a) Top plate of the expander fixture
and the mounting of an 8×8 module. The inset shows a detailed close-up view of the
alignment pins, coaxial cables, and screw holes. (b) All four 8×8 dual-pol modules
mounted on the expander measurement fixture.
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Figure 5.9. Mounting of the array on the measurement fixture. (a) Full array
mounted on the expander fixture, which has a side panel removed to show the ca-
bles. (b) Expander measurement fixture, showing the connection of T-Flex 405 cables
running from the top plate to SMA connectors on the backside of the fixture.
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5.3.2 Solderless Interconnect
As highlighted in Section 5.2.3, the array PCB is first modified to accommodate
the coaxial solderless interconnect with an aluminum plate bonded to the bottom
of the PCB. The aluminum plate has drilled holes aligned with the feed line vias
that will house the interconnect and form the outer coaxial conductor. Next, a
gold-plated, beryllium-copper, spring-like “fuzz button” (fabricated by Custom In-
terconnects, LLC, [131]) with a nominal radius of 0.25mm is inserted into each LoK
dielectric sleeve. This fuzz button and dielectric sleeve assembly is then placed inside
each of the holes in the aluminum plate, completing the interconnect. The fuzz but-
ton forms the inner coaxial conductor of the interconnect, and the dielectric sleeve
provides mechanical support. Outer conductor electrical contact between the array
and expander plate is achieved through the pressure applied by the closely spaced
screws (one per unit cell). Fig. 5.10(a) shows a close-up picture of the dielectric
sleeve and the fuzz button, and Fig. 5.10(b) shows the bottom side of an array tile,
showing the installed dielectric sleeves and fuzz buttons. Installation of the fuzz but-
tons and dielectric sleeves can be automated for large scale production. Alternatively,
elastomeric interconnects can be used [132–134].
5.4 Results
The impedance, far-field patterns, cross-polarization levels, and gain performance
of the 16×16 PUMA prototype, shown in Fig. 5.1, were evaluated using multiple
simulation tools and are compared to measurements. The effects of the finite array
size are analyzed, though it is important to keep in mind that this is a small prototype
array (max dimension ≈ 8λhigh, 2.7λlow) and a large array would have a large interior
section that is less affected by the truncation effects.
The prototype array is mounted on a finite, 14.5×14.5” aluminum ground plane
(top plate of the expander fixture) without any absorber treatments. In contrast, all
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Button
(a) (b)
Figure 5.10. Assembly of solderless interconnect. (a.) Dielectric sleeve and gold-
plated, beryllium-copper fuzz button. (b) Bottom view of an 8×8×2 module, showing
the aluminum plate with fuzz buttons and dielectric cylinders installed.
simulations use an infinite ground plane. All results are referred to an unbalanced
50Ω interface, having the Horizontal polarization (H-pol) excited and the Vertical
polarization (V-pol) terminated in Z◦ = 50Ω. This is a meaningful characterization
method since, as shown in Section 5.4.2, the coupling from the Horizontally-polarized
ports into the Vertically-polarized ports (CHV ) is better than −20dB over most of
the band at broadside and better than −15dB out to θ = 45◦.
5.4.1 Impedance Performance
Impedance results will be presented here in the same order as the modeling tools
employed in the analysis approach outlined in Section 5.2.2.
5.4.1.1 Infinite Array Simulations
Infinite array, unit-cell simulations (periodic boundary conditions on all side walls)
were carried out with Ansoft/Ansys HFSS [99], using PEC conductors and realistic,
lossy dielectric models. A λhigh/4 thick PML absorber terminates the top of the unit
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cell, situated 3λhigh/2 from the array. As noted in Section 5.2.1, the two polarizations
are located on the top (Horizontal-polarization) and bottom (Vertical-polarization)
of dielectric layer 2. As a result of this difference in height over the ground plane,
each polarization exhibits a slightly different VSWR response, as shown in Fig. 5.11.
This chapter will focus on analyzing the Horizontal-polarization (H-pol) dipoles with
the Vertical-polarization (V-pol) dipoles terminated in Z◦ = 50Ω.
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Figure 5.11. Comparison of the infinite array broadside active VSWR performance
of the Horizontal-polarization (top layer) and Vertical-polarization (bottom layer) of
the 7-21GHz prototype array. All simulation results in the following figures are for
the Horizontally-polarized dipoles (top layer).
Infinite array active VSWR predictions of the H-pol dipoles for scanning out to
θ = 45◦ in the E- and H-planes are shown in Fig. 5.12(a). For this and all of the
following cases, the D-plane VSWR is omitted since it is an approximate average
of the E- and H-plane VSWRs. At θ = 45◦ in the E-plane, the active VSWR is
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approximately equal to broadside, with a maximum of 2.1 at the hump near 8.5GHz.
At θ = 45◦ in the H-plane, the VSWR reaches 2.9 near f = 8.5GHz.
5.4.1.2 16×∞ Array Simulations
A 16×∞ dual-polarized stick of the array was simulated using Ansoft/Ansys HFSS
with the same simulation details as in Section 5.4.1.1, except for the periodic bound-
ary arrangement. A top view of the simulation model is shown in Fig. 5.13(a),
where absorbing boundary conditions (ABC) truncate the top of the air box and on
the two narrow sides to create a finite dimension, and periodic boundary conditions
(PBC) provide an infinitely periodic dimension.1 The model contains 16 H- and 16
Vertically-polarized dipoles, which are aligned with the finite and infinite dimensions,
respectively.
The impact of truncation effects on the scan impedance is observed by phasing
all 16 Vertically-polarized dipoles (for broadside and H-plane θ = 45◦) or all 16
Horizontally-polarized dipoles (for E-plane θ = 45◦) to scan along the finite dimension.
Fig. 5.12(b) shows the active VSWR vs. frequency performance of a central element.
The broadside VSWR has a similar shape to the infinite array simulations, though the
first hump is now lower in VSWR and exhibits a ripple due to array guided surface
waves (AGSWs), [8, 135, 136]. This ripple is an interference pattern due to AGSWs,
which are excited at the edges of finite arrays and are not excited in infinite arrays.
The spectrum of ASGW excitations depends on scan angle, and is responsible for the
hump in the VSWR near 15.5GHz at θ = 45◦ in the E-plane. Additionally, the low
frequency hump is seen to increase until it reaches 2.5 at θ = 45◦. The active VSWR
at θ = 45◦ in the H-plane is also shown in Fig. 5.12(b). The VSWR contains similar
ripple behavior as in the E-plane, due to AGSWs, including an increase near 13.5GHz
1Simulations using a perfectly matched layer (PML) [103] truncation on the top and narrow sides
of he airbox yielded very similar results, but are computationally more demanding and thus are not
utilized for this model.
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and 18GHz. The increase in VSWR at 8.5GHz is similar to the infinite array H-plane
results.
To get a better picture of the phenomena taking place at each element in the
16×∞ array, Figs. 5.13 (b) and (c) show the broadside active VSWR vs. element
location and frequency. The left side of Fig. 5.13(c) shows the broadside active
VSWR at each Horizontally-polarized element (all 16 Horizontally-polarized elements
are excited), and is compared side-by-side with the infinite array results for the same
port in the right. Oscillations in the VSWR distribution across the elements are due
to the AGSWs. It is clear that only the edge element, H1, is significantly affected by
truncation effects, since it is only a half-dipole, as seen in Fig. 5.13(a). Conversely,
edge element H16 demonstrates only minor truncation effects because it has both
dipole arms present, highlighting the importance of preserving both arms of the edge
elements. Similarly, the Vertically-polarized active VSWR distribution is shown in
Fig. 5.13(c) along with the respective infinite array results on the right. Once again,
only the edge elements are seriously impacted by truncation, and only at the low-end,
8.5GHz hump.
Finally, the scanning performance of a central element vs. scan angle and fre-
quency is shown in Figs. 5.14(a) and (b), for scanning out to θ ≤ ±60◦ in the E-
and H-planes. For the E-plane scan, the Horizontally-polarized elements are excited
since, as shown in Fig. 5.13(a), their polarization is aligned with the finite dimension,
and for the H-plane scan, the Vertically-polarized elements are excited since their
polarization is aligned with the infinite dimension (and their H-plane is aligned with
the finite dimension). As a result, the VSWR at broadside in Figs. 5.14(a) and (b)
is different for two reasons: 1.) it was shown in Fig. 5.11 that the H- and Vertically-
polarized dipoles have slightly different VSWR responses, and 2.) the VSWR for
a particular polarization changes slightly depending on whether its polarization is
aligned with the infinite or finite dimensions. Fig. 5.14(a) shows the active VSWR
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distribution for E-plane scan, showing it is well-behaved over a large scan volume,
gracefully degrading at extreme angles. The VSWR increases at extreme angles near
the high-frequency band edge due to the excitation of surface waves on the grounded
array dielectric. Similarly, Fig 5.14(b) shows active VSWR distribution for the H-
plane is approximately ≤ 3 out to θ = 45◦, with higher VSWR at 8.5GHz as θ
increases past 50◦.
5.4.1.3 16×16 Array Simulations
Finite 16×16 array simulations were carried out using in-house domain decom-
position FEM (DD-FEM) codes, [120, 137]. These simulations are full-wave and can
capture the full finite array truncation effects. A top view of the simulation model is
shown in Fig. 5.15, showing the numbering of elements. Each element has an inter-
nal 50Ω impedance. Fig. 5.12(c) shows the active VSWR vs. frequency of element
H(8,9), a central horizontally-polarized element in the 16×16 array, for broadside and
scanning to θ = 45◦ in the E- and H-planes. The broadside VSWR is very similar to
the ∞×∞ and 16×∞ VSWR responses, though with more rippling behavior due to
the truncation effects (described next) of the finite array size along both the E- and
H-planes. At θ = 45◦ in the E-plane, the VSWR increases strongly near 9GHz and
15GHz due to truncation effects, very similar to the 16×∞ VSWR. At θ = 45◦ in
the H-plane, the VSWR shows the characteristic increase in VSWR near 8.75GHz as
seen in the∞×∞ and 16×∞ VSWRs. Also, a large VSWR spike occurs near 17GHz
due to truncation effects, as observed previously in the 16×∞ VSWR.
Fig. 5.16 shows the broadside active VSWR distribution over the array at f =
8.75, 12, and 15.5GHz, with the Horizontally-polarized (xˆ-directed) elements excited.
These frequencies are chosen since they correspond to a few important VSWR peaks
observed at broadside in Fig. 5.12(c). Additional VSWR distributions are shown in
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Figure 5.15. Top view of the 16×16 dual-polarized PUMA array simulation model.
Horizontally- and Vertically-polarized elements are indexed as H(X,Y) and V(X,Y),
where “X” is the column numbering, and “Y” is the row numbering.
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(c)
Figure 5.16. Simulated active broadside
VSWR distribution at each element of the
16×16 dual-polarized PUMA array with
the Horizontally-polarized (xˆ-directed) el-
ements excited. (a) f = 8.75GHz. (b)
f = 12GHz. (c) f = 15.5GHz.
(a)
(b)
(c)
y y
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Figure 5.17. Simulated E-plane, θ =
45◦ active VSWR at each element of the
16×16 dual-polarized PUMA array with
the Horizontally-polarized (xˆ-directed) el-
ements excited. (a) f = 9GHz. (b)
f = 15GHz. (c) f = 21GHz.
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Appendix A for broadside and θ = 45◦ in the E- and H-planes for frequencies through-
out the band. Note that for all cases, the Horizontally-polarized elements in column
X = 1 have a high VSWR due to the half-dipole, as shown in Fig. 5.15, and as seen
in the 16×∞ model described in Section 5.4.1.2. At low frequency, f = 8.75GHz in
Fig. 5.16(a), the active VSWR increases to 3 at the edges of the array (rows Y = 1
and Y= 16), and the central element exhibits a VSWR of ≈ 2.7. Surface waves are
launched along the array face in the xˆ- and yˆ-directions, the previously mentioned
array guided surface waves (ASGWs), which reflect off the edges of the array and
form a standing wave pattern that modifies the currents on the elements in the ar-
ray (and correspondingly the element’s input impedance), [8]. These standing wave
patterns are clearly visible in Fig. 5.16(a) as a periodic oscillation in the VSWR
of alternating rows and columns (particularly columns X=4, 9, and 13), where the
waves are most strongly excited along the xˆ-direction, the direction parallel to the
dipole polarization. The waves are also weakly excited along the yˆ-direction, where
the standing wave pattern is visible in the slight VSWR increase in rows Y = 1, 6,
11, and 16. Since the array is scanned to broadside, the stranding waves are seen to
be symmetrically distributed across the array. Similar, but less severe effects are seen
at mid and high-frequencies in Fig. 5.16(b) and (c), where the larger electrical size
of the array at these frequencies results in fast, less severe oscillations in the VSWR
across the array.
Fig. 5.17 shows the active VSWR distribution over the array for scanning to
θ = 45◦ in the E-plane (towards the positive xˆ-axis) at f = 9, 15, and 21GHz, with the
Horizontally-polarized (xˆ-directed) elements excited. Once again, these frequencies
are chosen since they denote where large peaks occur in the VSWR of Fig. 5.12,
but all frequencies are shown in Appendix A. Fig. 5.17(a) shows that at f = 9, a
strong asymmetric VSWR oscillation is visible over mainly columns X = 6-10 due to
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the AGSWs and the asymmetry introduced by the progressive phase scan excitation.
The H-plane scans show similar increases due to the AGSWs in Appendix A.
As these results show, the truncation effects are most severe when the array is
electrically small, where at low frequencies this small prototype is on the order of
3λ or less wide. These effects are much weaker at high frequencies, where the array
size is more than 5 or 6λ. As the array size is increased and it becomes electrically
larger, the severity of these truncation effects will continue to decrease across the
band. Thus, for a large array, as is typical for realistic applications, the truncation
effects will be less pronounced and the VSWR will be much better behaved with
scanning than demonstrated in this prototype.
Finally, Appendix B shows the broadside VSWR distributions for both polariza-
tions of the array when only a central 9×9 section of the array is excited. Both the H-
and V-polarized dipoles exhibit very similar standing wave patterns, though rotated
90◦ from one another (due to polarization).
5.4.1.4 16×16 Dual-Polarized Prototype Measurements
The S-parameters (Sij’s) of the 16×16 dual-polarized prototype were measured in
an anechoic chamber using an Aglient PNA. Using the measurement data, the active
reflection coefficient of a center element can be approximated by [8]
Γmn(θo, φo) =
M∑
p=1
N∑
q=1
Smn,pqe
−j([p−m]Dxuo+[q−n]Dyvo), (5.1)
where (θo, φo) is the array scan direction, Smn,pq are the measured S-parameters
between elements mn and pq, M , N are the number of elements along along the
xˆ- and yˆ-dimensions, u◦ = k sin θ◦ cosφ◦, v◦ = k sin θ◦ sinφ◦ are the u-v coordinates,
and k is the free-space wavenumber. Time-gating was used to remove most reflections
from the cables in the expander fixture. The measured active VSWR is shown in Fig.
5.12(d), for broadside and θ = 45◦ scan in the E- and H-planes for a central element
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H(8,9) (see Fig. 5.15), where pq = 0809. At broadside, the VSWR shows a similar
overall shape as the 16×∞ array results in Fig. 5.12(b), exhibiting a ripple at low-
and mid-band, though with a higher mid-band VSWR level. The rapid ripple may
be attributed to some residual reflections from the cabling in the expander fixture.
Appendix C shows the change in broadside VSWR for a central element H(8,9) as
an increasing number of elements in the array are excited, demonstrating how the
VSWR remains well matched for all cases. For scanning in the E-plane, a VSWR
hump near 15GHz is seen in the 16×∞, 16×16, and measured results, and was shown
in the previous section to be due to the standing wave maxima of AGSWs in Fig.
5.17(b). Similarly, humps near 13.5GHz and 18GHz at θ = 45◦ in the H-plane VSWR
increase by approximately the same level above the broadside VSWR as in the 16×∞
case, further reinforcing the hypothesis that this increase is attributed to truncation
effects. Figs. 5.14(c) and (d) show the measured E- and H-plane active VSWR of the
central element vs. scan angle and frequency calculated for θ ≤ ±60◦, showing a good
match over the band for scanning in both planes out to wide scan angles. Overall, the
measurements show good agreement with the simulations and demonstrate a VSWR
< 2.5 out to θ = 45◦ in all planes. As discussed in the previous section, this prototype
array is relatively small for most applications, and its performance will improve as
the array size is increased.
5.4.2 H-V Pol Coupling Performance
Low coupling between the dipole H- and V-polarizations is critical in retaining
good cross-polarization performance and radiation efficiency, which degrade when
power is absorbed by the opposing, orthogonal polarization. Here the coupling is
quantified by the coefficient “CV H”, the power coupled from the Horizontal-polarization
into the Vertical-polarization ports when all H-pol ports in the array are excited and
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all the V-pol ports are terminated in Z◦ = 50Ω. Infinite array and 16×infinite array
simulations are presented for scanning along the E- and H-planes.
5.4.2.1 Infinite × Infinite Array Analysis
Fig. 5.18(a) shows CV H to be less than −20dB over the majority of the band at
broadside, increasing to a maximum of −15dB at the low end of the band due to a
strong loop-mode resonance discussed in Section 4.2.2.4 (of Chapter 4) near 6.75GHz.
This resonance causes the inter-pol coupling to increase significantly and, as shown
in Section 5.4.3.1, leads to high cross-polarization. Strategies have been developed to
lower the frequency of this resonance in the PUMA, as discussed in Section 4.2.2.4.
When scanned out to θ = 45◦ in the E- and H-planes, the coupling increases at the
high end of the band until it reaches −15dB.
5.4.2.2 16×Infinite Array Analysis
For the 16×infinite array simulation, all 16 elements of the H-polarization are
excited to find the power coupled into the V-polarized ports. Fig. 5.18(b) shows
the coupling coefficient CV H exhibits nearly identical behavior as in the infinite array
case of Section 5.4.2.1, except for the rippling due truncation effects.
5.4.3 Far-Field Pattern Performance
The radiation behavior of the PUMA prototype is explored using infinite and
finite array simulations and measured embedded element patterns.
5.4.3.1 Infinite Array Analysis
Using the same simulation model as described in Section 5.4.1.1, the normalized
co- and cross-polarization levels are computed based on Ludwig’s third definition [104]
(details of the calculations are discussed in Chapter 3, Section 3.4.1.2) vs. frequency
for scanning out to θ = 45◦ in the E- D-, and H-planes and are shown in Fig. 5.19.
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Figure 5.18. Simulated coupling from the V- to the H-polarization, CHV , for the
dual-polarized 7-21GHz PUMA array when scanned along the E- and H-planes. (a)
Simulated CV H for the doubly-infinite array. (b) Simulated CV H for the 16×infinite
array.
The co-polarized radiated power in all planes is nearly 0dB over most of the band,
showing a maximum mismatch loss of approximately -1.2dB at f = 8.5GHz when
scanned to θ = 45◦ in the H-plane, demonstrating good mismatch efficiency over the
band. In the E-plane, the cross-polarization is shown to be below −20dB over most
of the band out to θ = 45◦, though this level increases towards the low and high
frequency edges of the band. The increase at low frequency is due to a low frequency
loop-mode resonance (Section 4.2.2.4) that is located just below 7GHz and radiates
cross-polarized fields. The D-plane cross-polarization levels of Fig. 5.19(b) are shown
to be less than -20dB out to θ = 30◦, and less than -15dB out to θ = 45◦. Finally, Fig.
5.19(c) shows the radiated levels in the H-plane, showing cross-polarization below less
than −20dB out to θ = 45◦ over most of the band. Simulations in multiple planes,
over φ = 0− 360◦ have revealed similar low cross-polarization behavior.
5.4.3.2 Embedded Element Patterns
The embedded element patterns dictate the array’s gain variation with scan and
the relative co- and cross-polarization levels. To perform this measurement, the array
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Figure 5.19. Simulated infinite PUMA array co- and cross-polarized radiated powers
per unit cell vs. frequency and scan (Ludwig’s third definition). Both radiated powers
are normalized to the input power. (a) E-plane scan. (b) D-plane scan. (c) H-plane
scan.
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was mounted on an azimuth positioner in the UMass tapered far-field chamber; as
highlighted previously, no absorber was placed on or near the array or ground plane.
The embedded element patterns are found by exciting a central element and measur-
ing the resultant radiation pattern, with all other elements terminated. Results were
also validated via near-field scanner measurements.
For this PUMA prototype, E-, D-, and H-plane embedded element patterns are
shown in Figs. 5.20, 5.21, 5.22, and 5.23 for f = 7.5, 12, 16 and 20GHz, respectively.
The measurements are compared to the results of the 16×16×2 finite array DD-FEM
simulations. Note that the array is mounted on a 14.5×14.5” ground plane, whereas
the simulations assume an infinite ground plane. Measured and simulated co- and
cross-polarized patterns are in good agreement. Oscillations in the patterns are due
to the small, finite size of the array and ground plane and will decrease in strength
as the array and ground plane sizes increase. The patterns approach the ideal cos θ
gain variation, indicating low scan-loss in all planes out to θ = ±60◦, where deep
oscillatory dips are seen in the E-plane patterns. All of the measured pattern data is
shown in Appendix D, including assorted frequencies where the finite array DD-FEM
embedded patterns are plotted for comparison.
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Figure 5.20. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 7.5GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure 5.21. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 12GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure 5.22. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 16GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure 5.23. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 20GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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A direct comparison of the co-to-cross-polarization ratios at 45◦ in the E-, D-, and
H-planes are given in Table 5.3 for the infinite array, 16×16 array simulations, and
measurements. All results are in good agreement.
Table 5.3. Comparison of simulated and measured co-to-cross-polarization ratios
f Pcross/Pco [dB]
[GHz] −45◦H −45◦D −45◦ E BS 45◦E 45◦D 45◦H
7.5
∞×∞ Sim -10.4 -12.0 -14.2 -14.5 -14.2 -12.0 -10.4
16×16 Sim -12.0 -9.27 -18.0 -14.2 -13.6 -8.40 -10.7
16×16 Meas -19.1 -12.1 -18.6 -13.1 -13.7 -16.3 -9.40
14.5
∞×∞ Sim –35.1 -14.8 -23.6 -33.2 -23.6 –14.8 –35.1
16×16 Sim -28.1 -13.7 -21.0 -33.0 -26.5 -11.2 -35.2
16×16 Meas -28.9 -22.9 -18.5 -22.4 -17.4 -16.2 -23.4
20
∞×∞ Sim -20.2 -15.3 -18.2 -50.1 -18.2 -15.3 -20.2
16×16 Sim -15.1 -11.0 -19.63 -44.7 -20.9 -26.8 -15.3
16×16 Meas -14.6 -16.0 -20.2 -35.0 -17.3 -15.8 -11.6
5.4.4 Embedded Element Gain measurement
Up to now, only the relative levels of the radiated power between the co- and cross-
polarizations have been presented, which give no indication of the actual radiation
efficiency of the array. Fig. 5.24 shows the absolute measured co- and cross-polarized
gains of an embedded central element (element H(8, 9)) at broadside. For comparison,
the ideal gain of the unit cell aperture is plotted, Gideal =
4piA
λ2
(1− |Scc|)2, where A
is the unit cell area, Scc is the measured reflection coefficient of a central element
(element H(8, 9)) with all other elements terminated in 50Ω, and λ is the free-space
wavelength. The co-polarized gain closely tracks the ideal gain to within 2dB; the
oscillations above and below the ideal gain curve are attributed to the finite size of
the array and ground plane. Additional, the coaxial cables in the expander cable have
an insertion loss of approximately 0.5dB at the high end of the band, and have not
been calibrated out for this measurement. The cross-polarized gain is 20dB below the
co-polarized gain over most of the band. The high absolute gain indicates low loss
in the structure, which agrees with the radiation efficiency simulation data included
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in Appendix E that shows efficiencies of > 93% over most of the band. Finally,
Appendix E also shows simulated power handling results, which shows the array can
handle fairly high levels of power that, along with the low losses, makes this prototype
appropriate for transmit and receive applications.
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Figure 5.24. Measured broadside central embedded element absolute gain for the
16×16 dual-polarized PUMA array.
5.5 Conclusion
This chapter presented the design, fabrication, and characterization (via simula-
tions and measurements) of a proof of concept 16×16 dual-polarized PUMA array
prototype operating over 7-21GHz (3:1 bandwidth). This prototype demonstrates the
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application of the PUMA technology to important communication bands between 7-
21GHz, a particularly difficult operating range due to the high frequency operation.
The low-profile of the array (≈ λhigh/2.3) and the direct connection to standard un-
balanced 50Ω interfaces without external baluns or hybrids makes this prototype an
attractive solution that can be easily integrated into a system platform. Addition-
ally, the array prototype is fabricated as a single multilayer microwave PCB, which
allows robust, fully-planar fabrication and low-cost, high-volume production. At the
prototype stage, the full 16×16 array cost $500 to fabricate, which would decrease
significantly if ramped up to high-volume production. A second prototype was fab-
ricated as four 8×8×2 tiles that demonstrate the mechanical feasibility of modular
assembly, where the tiles mate to the measurement fixture with a tight press-fit be-
tween the modules. Though not measured in this work, the lack of gaps or air pockets
between tiles indicates, based on the studies of Chapter 4, that the tiled array will
perform very similar to the full PCB array.
Measurements were facilitated through a unique solder-less interconnect and mea-
surement dilation fixture, which was specially designed and fabricated to allow re-
peatable, reliable characterization of the array without resorting to miniature G3PO
connectors. Though in practice the measurement fixture would be replaced with
T/R modules or printed feed networks, the solderless interconnect is very useful in
real-world applications and was shown to operate with good performance up through
21GHz.
Finally, measurements and simulations are in very good agreement and indicate
that the central elements of the prototype array maintain a broadside VSWR < 2.1
over the full operating band and VSWR < 2.5 for scans out to θ = 45◦. Simulated
and measured embedded element patterns indicate close to ideal absolute broadside
gain and cross-polarization levels below −15dB for scans out to θ = 45◦ in all planes
over most of the band.
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CHAPTER 6
EPILOGUE
This dissertation presents a new method of feeding balanced tightly coupled el-
ements for use in UWB antenna arrays. This feeding methodology led to two novel
low-cost UWB arrays, the Banyan Tree Antenna (BTA) and the Planar Ultrawide-
band Modular Antenna (PUMA) arrays.
6.1 Conclusions
In UWB array design, much attention is focused on the design of the balanced
radiating elements in an effort to extract the maximum amount of bandwidth possible
from the structure. This is of course a crucial and necessary step. Yet often an equally
important factor in obtaining practical, low-cost UWB arrays is glossed over: the feed
mechanism. Balanced feeding predominates, but also carries many impediments to
obtaining low-cost designs. The core of this research has been the realization that
unbalanced feeds can obviate these issues and pave the path to truly simple, low-cost
UWB array designs.
However, feeding balanced arrays with an unbalanced feed, classified as a “Type
2” element in Chapter 2, is not without its own potentially fatal pitfall, namely a
catastrophic common-mode resonance that appears near midband and destroys the
wideband performance. This common-mode resonance corresponds to the excitation
of a resonant length inside the array unit cell oriented along the diagonal plane. This
resonant length can be modified by strategically connecting the arms of the element
to the ground plane using shorting posts (strips/vias, etc), which then dictate the
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new resonant length of the common-mode frequency. With this common-mode sup-
pression scheme in hand, the unbalanced feeding can be designed to operate over wide
bandwidths without spurious resonances and without complex shielding or external
baluns. In fact, when carefully designed, the addition of the shorting posts can be
viewed as an internal, integrated balun that is co-designed with the radiating elements
to produce optimal performance.
Another critical factor is the arrangement of the elements. Many UWB arrays
(particularly those with tightly-coupled printed elements) make use of coincident-
phase feeding as de rigueur. However, this lattice does not provide any logical split
planes, and thus the arrays are typically non-modular. In conjunction with unbal-
anced feed lines, dual-polarized, dual-offset feeding provides convenient split planes
between the feed lines that allows for modular assembly. Furthermore, these split
planes are found to have little affect on the performance of the array even when small
gaps exist between the modules.
Finally, UWB arrays using tightly-coupled printed elements typically use a dielec-
tric superstrate above the array to improve the wideband behavior of the elements,
especially with scanning, and air or low-density foam below the elements. This is
meant to improve the bandwidth of the array, but it also ensures that the array
cannot be fabricated in a truly-planar fashion, since vertical feed lines must be imple-
mented with metallic pins (they cannot be realized as plated vias). In contrast, the
PUMA utilizes a PTFE substrate that is mechanically robust and is key to enabling
low-cost, fully planar fabrication as a multilayer PCB.
6.2 Outcomes
The BTA and PUMA arrays represent the state–of–the–art in low-cost UWB
arrays, and offer:
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Electrical performance, with
• Wide bandwidth and wide-scan: low VSWR (low mismatch loss) over band-
widths up to 5:1 with scan capability out to θ ≥ 45◦ in all planes.
• Low-loss : radiation efficiencies have been calculated to be > 90%, which im-
proves G/T (ratio of antenna gain to noise temperature) and power handling.
• Polarization-agility and low cross-polarization: single- and dual-polarized ar-
rangements are possible, in order to provide arbitrarily polarized scanned beams.
Isolation between the co- and cross-polarized radiated powers in the D-plane are
≤ −14dB and ≤ −15dB in dual-polarized BTA and PUMA arrays, respectively.
• Direct connection to 50Ω unbalanced interfaces : unbalanced feeding eliminates
complicated feed organizers and external wideband baluns.
and simple manufacturing, with
• Low-cost/high volume production: inexpensive fabrication and assembly are of
central importance and is realized through the use of vertically-integrated PCBs
for BTA array and simple multilayer PCBs for the truly planar PUMA array.
• Low-profile: with array profiles ≤ λhigh/2, the BTA and PUMA allow for simple,
compact integration into a system platform (and reduced cross–polarization in
the diagonal scan plane. The PUMA and BTA are also amenable to conformal
applications.
• Modularity : both arrays can be fabricated as single elements or as subarray tiles
to ease assembly and maintenance.
• Scalable to high frequencies : the BTA arrays are realizable up to approximately
Ku-band, and the PUMA has been already been fabricated and tested and shows
good operation up to 21GHz, and may be scalable to mm-wave frequencies.
233
6.3 Future Work
The BTA and PUMA arrays are very young technologies, and as a result offer
exciting research opportunities since there are numerous open questions, several of
which will be briefly outlined here.
First, it is unknown at this time what the upper-limit is on the achievable band-
widths of these arrays. This dissertation presents BTA and PUMA arrays operating
with 3.75:1 and 5:1 bandwidths, respectively, but to date there has not been ex-
tensive research effort on extending these much further. There exist a number of
mature UWB array technologies that have demonstrated bandwidths approaching
10:1 or more, and it is expected that the bandwidths of the BTA and PUMA can
be similarly extended. In particular, methods have been developed to increase the
bandwidth of similar tapered-dipole arrays, such as the metallic posts and magnetic
slots incorporated into the Dm-BAVA [34] or the U–channel loaded BAVA arrays [35],
which could be applied to the BTA, and the planar backplane matching network used
with the 5:1 PUMA design in Chapter 4 offers many possibilities on extending the
bandwidth further.
The 9:1 U–channel loaded BAVA arrays [35] exhibit a very broad bandwidth, but
with a high VSWR level (≤ 3). This points to fundamental research to find the
limitations between BW and VSWR level match in the UWB arrays (similar to the
Bode-Fano criterion).
Another important research question is up to what frequencies these arrays can
be practically realized without resorting to exotic fabrication techniques such as hard
substrate lithography, etc.. The BTA is limited to approximately Ku-band, just like
other vertically-integrated tapered-dipole elements. In contrast, the fully–printed
fabrication of the PUMA array implies that it could, in theory, be practically realized
over the same frequency ranges as standard patch antenna arrays, which have been
implemented up to Q-band. A lot of the reseach in this area will have to deal with
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fabrication tolerancing, technology limitations and using a limited set of high quality
materials available at these frequences. The prototype PUMA array in Chapter 5 has
already proven the concept is scalable to 21GHz without much difficulty, and implies
even higher frequencies of operation are within reach. In fact, keeping in mind that
the 5:1 design of Chapter 4 has only been investigated as an infinite array simulation
model, another important endeavor would be to fabricate and test a finite array of this
design. This would provide a concrete empirical validation of the claimed bandwidth
and its novel capacitive coupling feeding technique.
The potential for a conformal PUMA array has been alluded to in this dissertation,
but has yet to be studied theoretically or practically. The multilayer PCB fabrication
of the PUMA makes it a prime candidate for such applications.
Finally, the use of PUMA arrays on grids other than dual-polarized dual-offset
egg-crate grids could yield interesting designs. Hexagonal and triangular variations
are popular alternative lattice choices, because they lead to lower element densities
than rectangular grids, for the a given scan volume. Research in this direction could
generate important insights and possibly new technologies. Preliminary studies into
the phenomenology of the common-mode on triangular grid arrays has led to inconclu-
sive observations, and implies that there are additional nuances to the common-mode
resonance that have yet to be considered.
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APPENDIX A
FINITE ARRAY VSWR SIMULATIONS OF 16×16
DUAL-POL PUMA ARRAY
This appendix presents the VSWR distributions for the 16×16 dual-pol PUMA
array DD-FEM simulations for broadside and scanning to θ = 45◦ in the E- and
H-planes. The results are of one polarization (xˆ-polarized elements) of the full 16×16
array excited, and the other polarization (yˆ-polarized elements) terminated in 50Ω.
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Figure A.1. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 7.2GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.2. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 7.5GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.3. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 7.75GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.4. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 8GHz with
the H-polarized (xˆ-directed) elements ex-
cited. (a) Broadside. (b) E-Plane θ =
45◦. (c) H-Plane θ = 45◦.
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Figure A.5. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 8.25GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.6. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 8.5GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.7. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 8.75GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.8. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 9GHz with
the H-polarized (xˆ-directed) elements ex-
cited. (a) Broadside. (b) E-Plane θ =
45◦. (c) H-Plane θ = 45◦.
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Figure A.9. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 9.5GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.10. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 10GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.11. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 10.5GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.12. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 11.5GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.13. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 12GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.14. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 13GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.15. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 15GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.16. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 15.5GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.17. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 16GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.18. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 17GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.19. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 18GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.20. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 19GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.21. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 20GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.22. Simulated θ = 45◦ active
VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 21GHz
with the H-polarized (xˆ-directed) ele-
ments excited. (a) Broadside. (b) E-
Plane θ = 45◦. (c) H-Plane θ = 45◦.
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Figure A.23. Simulated θ = 45◦ active VSWR at each element of the 16×16 dual-
polarized PUMA array at f = 21.5GHz with the H-polarized (xˆ-directed) elements
excited. (a) Broadside. (b) E-Plane θ = 45◦. (c) H-Plane θ = 45◦.
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APPENDIX B
FINITE ARRAY VSWR SIMULATIONS OF 16×16
DUAL-POL PUMA ARRAY (CENTRAL 9×9 SUBARRAY
EXCITED)
This appendix presents the broadside VSWR distributions for the 16×16 dual-
pol PUMA array DD-FEM simulations, with the central 9×9 section of the array
excited, and the remainder terminated in 50Ω. The results are shown for exciting
port 1 (xˆ-polarized) and port 2 (yˆ-polarized).
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(a) (b)
(c) (d)
(e) (f)
Figure B.1. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 7.2GHz. (b) Port 2 f = 7.2GHz. (c) Port 1 f = 7.5GHz. (d) Port 2 f = 7.5GHz.
(e) Port 1 f = 7.75GHz. (f) Port 2 f = 7.75GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.2. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 8GHz. (b) Port 2 f = 8GHz. (c) Port 1 f = 8.25GHz. (d) Port 2 f = 8.25GHz.
(e) Port 1 f = 8.5GHz. (f) Port 2 f = 8.5GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.3. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 8.75GHz. (b) Port 2 f = 8.75GHz. (c) Port 1 f = 9GHz. (d) Port 2 f = 9GHz.
(e) Port 1 f = 8.5GHz. (f) Port 2 f = 8.5GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.4. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 10GHz. (b) Port 2 f = 10GHz. (c) Port 1 f = 10.5GHz. (d) Port 2 f = 10.5GHz.
(e) Port 1 f = 11.5GHz. (f) Port 2 f = 11.5GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.5. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 12GHz. (b) Port 2 f = 12GHz. (c) Port 1 f = 13GHz. (d) Port 2 f = 13GHz.
(e) Port 1 f = 14.5GHz. (f) Port 2 f = 14.5GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.6. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 15GHz. (b) Port 2 f = 15GHz. (c) Port 1 f = 15.5GHz. (d) Port 2 f = 15.5GHz.
(e) Port 1 f = 16GHz. (f) Port 2 f = 16GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.7. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 17GHz. (b) Port 2 f = 17GHz. (c) Port 1 f = 18GHz. (d) Port 2 f = 18GHz.
(e) Port 1 f = 19GHz. (f) Port 2 f = 19GHz.
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(a) (b)
(c) (d)
(e) (f)
Figure B.8. Broadside VSWR distribution of 16×16 dual-pol PUMA array sim-
ulation with only the central 9×9 elements excited (outline in white). (a) Port 1
f = 20GHz. (b) Port 2 f = 20GHz. (c) Port 1 f = 21GHz. (d) Port 2 f = 21GHz.
(e) Port 1 f = 21.5GHz. (f) Port 2 f = 21.5GHz.
257
APPENDIX C
MEASURED 16×16 DUAL-POL PUMA ARRAY ACTIVE
VSWR FOR VARIOUS SIZES OF SUBARRAY
EXCITATIONS
The measured active VSWR is plotted for different sized excited sections of the
array, to show measured effects of truncated excitation areas. Shown in the high-
lighted box in Fig. C.1, the active VSWR is calculated for element (8,8), where each
box represents a unit cell of the array containing one port per polarization, though
the xˆ-polarized elements are considered here. The smallest array section considered
is a 3×3 section that contains one row of elements surrounding the array, and the
largest is the entire 16×16 array.
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9×9 Section
3×3 Section
Y
X
Active VSWR 
calculated for 
central element
Figure C.1. Diagram of the 16×16 dual-polarized array ports (assuming two ports
per box, where the xˆ-polarized ports are considered here), showing how the active
VSWR is calculated for port (8,8) with various sections of the array excited. Shown
are exemplary 3×3 and 9×9 sections.
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Figure C.2. Broadside active VSWR of a central element in the 16×16 dual-
polarized PUMA array, for various sizes of array sections excited (see Figure C.1
for example sections). (a) 16×16 Section. (b) 15×15 Section. (c) 14×14 Section. (d)
13×13 Section. (e) 12×12 Section. (f) 11×11 Section.
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Figure C.3. Broadside active VSWR of a central element in the 16×16 dual-
polarized PUMA array, for various sizes of array sections excited (see Figure C.1
for example sections). (a) 10×10 Section. (b) 9×9 Section. (c) 8×8 Section. (d) 7×7
Section. (e) 6×6 Section. (f) 5×5 Section.
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Figure C.4. Broadside active VSWR of a central element in the 16×16 dual-
polarized PUMA array, for various sizes of array sections excited (see Figure C.1
for example sections). (a) 4×4 Section. (b) 3×3 Section.
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APPENDIX D
MEASURED 16×16 DUAL-POL PUMA ARRAY
EMBEDDED ELEMENT PATTERNS
This appendix includes all of the measured embedded central element patterns
of the 16×16 prototype array of Chapter 5. Results are first presented as a series
of surface plots, which show all of the measured co- and cross-polarized patterns
vs. scan angle and frequency for E-, D-, and H-planes. This is followed by selected
patterns plotted along with simulated 16×16 array embedded element patterns using
DD-FEM codes.
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(c)
(d)
Figure D.1. Measured E-plane central embedded element patterns vs. scan angle
and frequency. (a) Co-polarized pattern. (b) Cross-polarized patterns.
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(c)
(d)
Figure D.2. Measured D-plane central embedded element patterns vs. scan angle
and frequency. (a) Co-polarized pattern. (b) Cross-polarized patterns.
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(c)
(d)
Figure D.3. Measured H-plane central embedded element patterns vs. scan angle
and frequency. (a) Co-polarized pattern. (b) Cross-polarized patterns.
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Figure D.4. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 7.5GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.5. Measured and simulated co-
and cross-polarized central embedded ele-
ment patterns at f = 8GHz of the 16×16,
dual-polarized PUMA array. (a) E-plane.
(b) D-plane. (c) H-plane.
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Figure D.6. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 9.5GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.7. Measured and simulated co-
and cross-polarized central embedded el-
ement patterns at f = 10.5GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.8. Measured and simulated co-
and cross-polarized central embedded el-
ement patterns at f = 11.5GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.9. Measured and simulated co-
and cross-polarized central embedded ele-
ment patterns at f = 8GHz of the 16×16,
dual-polarized PUMA array. (a) E-plane.
(b) D-plane. (c) H-plane.
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Figure D.10. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 13GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.11. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 14.5GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.12. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 16000GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.13. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 18GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.14. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 19GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.15. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 20GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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Figure D.16. Measured and simulated
co- and cross-polarized central embedded
element patterns at f = 21GHz of the
16×16, dual-polarized PUMA array. (a)
E-plane. (b) D-plane. (c) H-plane.
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APPENDIX E
SIMULATED EFFICIENCY AND POWER HANDLING
OF 16×16 DUAL-POL PUMA ARRAY
E.1 Radiation Efficiency
Infinite array simulations of the 16×16 7-21GHz PUMA prototype of Chapter 5 using
Ansoft/Ansys HFSS [99] are presented here using lossy dielectrics and finite conduc-
tivity metallization to predict the radiation efficiency. The simulation uses thick
conductors (AL plate and vias), surface impedance on dipoles, and extremely fine
meshing ( 2 million unknowns). Power conservation dictates that the input power
Pin exciting the feed line of one polarization (with the other polarization terminated
in 50Ω) has to equal the sum of four possible power quantities
Pin = Pdiss + Pref + Pcoup + Prad (E.1)
where
Pdiss ≡ power dissipated in the lossy conductors and dielectrics:
Pref ≡ power reflected due to mismatch: (1− |Γ|2)
Pcoup ≡ power coupled to orthogonal polarization port: |CHV |2
Prad ≡ power radiated, leaving the simulation domain:
∮
~E × ~H · d~S.
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The inter-polarization coupling CHV is the coupling coefficient between the H- and
V-polarization ports in the array. Normalizing (E.1) results in
1 =
Pdiss
Pin
+
Pref
Pin
+
Pcoup
Pin
+
Prad
Pin
(E.2)
which allows the various power ratios to be readily interpreted. The model parameters
are shown in Fig. E.1, and the calculated radiation efficiency etot =
Prad
Pin
= 1− Pdiss
Pin
+
Pref
Pin
+ Pcoup
Pin
is shown in Table E.a for four frequencies throughout the operating band.
The efficiency is shown to be very high, greater than 93% over most of the band,
except at low frequencies where the increased coupling CHV lowers the efficiency to
87%.
Zin
H-pol
V-POL V-POL 
AL
σ = 3.5×10  S/m
5880LZ
tanδ = 0.0019
Lossy PUMA Model
5880
tanδ = 0.0009
7
LoK
tanδ = 0.004
Fuzz Button: 
Au
σ = 4.5×10  S/m7
dipoles and vias:
Cu
σ = 5.7×10  S/m7
5880LZ
tanδ = 0.0019
Speedboard C
tanδ = 0.004
Figure E.1. Lossy simulation model parameters for the fabricated PUMA proto-
type. The model assumes a surface impedance on infinitely thin conductors, and
incorporates the Speedboard C bonding films.
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Table E.1. Radiation efficiency of the PUMA prototype.
f [GHz] Pdiss
Pin
[%]
Pref
Pin
[%] Pcoup
Pin
[%] etot =
Prad
Pin
[%]
7.3 3.51 4.84 4.61 87.0
10 0.25 4.73 0.39 94.6
18 4.50 1.70 0.01 93.8
21 3.76 1.42 0.05 94.8
E.2 Power Handling
As in Section E.1, the prototype was analyzed using infinite array simulations to
predict the power handling of the array using lossy materials and conductors and, as
a worst case, lossless materials and conductors. The model uses an extremely fine
discretization ( 2million unknowns).
The maximum power handling of the array is defined as the maximum input power
accepted before dielectric breakdown occurs. Dielectric breakdown occurs when the
electric field strength exceeds the dielectric strength of the materials and arcing occurs
between the conductors. This is a catastrophic failure of the array that can lead to
severe or fatal damage to the array.
For this analysis, the electric field strength is examined throughout the model and
the maximum field observed is compared to the dielectric strengths of the dielectric
materials, which are shown in Fig. E.2. The maximum fields observed and the
corresponding maximum input power is tabulated in Table E.2. Note that the power
maximum electric field is larger in the lossless simulation; this represents a worst case
scenario, since there is no loss in the simulation that could reduce the power at the
critical high-field points in the array. Also, note that the electric field is higher at low
frequencies, since the electrical separation of the conductors is effectively smaller and
thus the electric field is higher. The lossless case shows the power handling to be 19W
at the low frequency of the band, and the lossy case shows the power handling to be
36W. The maximum field strengths in each case occurred between the overlapping
capacitors between the dipoles, shown in Fig. E.3. In practice, care is required to
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ensure no air gaps near the conductors to ensure breakdown does not occur at lower
power levels (dielectric strength of air is only 2MV/m, assuming sea level pressure).
Overall, the power handling of the array is very high, and indicates the array could
operate well in practical applications with moderate power levels.
Zin
εr3
εr2
εr1 H-pol
V-POL 
AL
PLATE
Fuzz
Button
11.8MV/m
60 MV/m
V-POL 
60 MV/m
43 MV/m
Dielectric Breakdown Strengths
43 MV/m
60 MV/m
Figure E.2. Simulation model of PUMA prototype, showing the dielectric break-
down strengths of the dielectric materials in the model.
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Table E.2. Power handling of the PUMA prototype.
f [GHz]
Emax [MV/m] Max Power [W]
Lossless Lossy Lossless Lossy
7.3 2.30 1.20 19.0 36.0
10 0.83 0.55 52.0 78.0
18 0.40 0.32 108 134
21 0.35 0.30 123 143
H-Pol
V
-P
o
l
Max field occurs 
at overlapping caps
Feed 
Lines
5mil Separation
Rogers 5880
εr = 2.2
5mil 
Figure E.3. Top view of array, with inset showing the maximum field points observed
between the overlapping capacitors at the ends of the dipole arms.
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